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Introduction 

In  breast,  colon  and  skin  cancers,  the  unusual  production  and  secretion  of  aberrantly  glycosylated 
proteins  and  lipids  on  the  surface  are  associated  with  disease  progression,  metastasis  and  poor 
clinical  outcome  (1).  Glycosylation  abnormalities  concern  both  N-linked  and  O-linked  carbohydrate 
chains  on  glycoproteins  and  glycolipids  (2).  They  likely  impair  many  basic  cellular  functions,  since 
terminal  oligosaccharide  units  serve  as  highly  specific  biological  recognition  molecules  implicated  in 
major  regulatory  processes  of  the  cell.  These  phenotypic  changes  in  malignant  cells  highly  correlate 
with  marked  structural  and  functional  disorganization  of  the  Golgi  apparatus  (2). 

The  Conserved  Oligomeric  Golgi  (COG)  complex  is  a  peripheral  membrane  protein  complex 
localized  on  cis/medial  Golgi  cistern.  This  evolutionary  conserved  complex  is  composed  of  eight 
subunits  that  are  thought  to  be  located  in  two  lobes,  the  first  lobe  A  containing  the  COGs  1-4  and  the 
second  lobe  B  the  COGs  5-8  (3).  Mutations  in  the  COG  complex  subunits  result  in  defects  in  basic 
Golgi  functions:  glycosylation  of  secretory  proteins,  protein  sorting  and  retention  of  Golgi  resident 
proteins.  Cogl  and  Cog2  deficient  CHO  cells  are  viable,  but  exhibit  defects  in  multiple  Golgi 
glycosylation  pathways  establishing  a  role  for  the  COG  complex  in  mammalian  Golgi  function  (3,  4). 
Recently,  two  siblings  were  described  with  a  fatal  form  of  congenital  disorders  of  glycosylation  (CDG) 
caused  by  a  mutation  in  the  gene  encoding  COG7.  The  mutation  impairs  integrity  of  the  of  the  COG 
complex  and  alters  Golgi  trafficking,  resulting  in  disruption  of  multiple  glycosylation  pathways  (5). 

All  these  data  indicate  that  COG  complex  may  participate  in  Golgi  protein  trafficking,  but  the  role 
of  the  COG  complex  in  the  abnormal  glycosylation  and  secretion  of  tumor  markers  in  breast  cancer 
cells  remains  elusive. 
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Body 

During  my  traineeship  the  focus  of  my  research  was  directed  towards  the  study  of  the  functioning 
of  COG  complex  in  normal  and  tumor  cells.  In  this  work  siRNA  strategy  was  used  to  achieve  an 
efficient  knockdown  (KD)  of  Cog3p  in  normal  and  breast  cancer  cells  and  other  tumor  cells  (HeLa 
cells).  I  have  established  a  novel  vesicle  docking  system  in  vitro  for  COG  complex-dependent  docking 
of  isolated  vesicles  to  support  their  role  as  functional  trafficking  intermediates.  For  this  study  HeLa 
cells  and  MCF7  cells  lines  were  obtained  from  ATCC  (American  Type  Culture  Collection,  Rockville, 
MD);  human  breast  cancer  (HBC)  cells  SUM  52PE,  159PT,  229PE  and  1315M02  (6)  were  kindly 
provided  from  Dr.  Steve  Ethier’s  laboratory  (University  of  Michigan, 
http://www.cancer.med.umich.edu/breast  cell/Production)  and  normal  breast  cells  (HB2)  line  was 
kindly  provided  from  Dr.  Kurten  (University  of  Arkansas  for  Medical  Sciences,  Arkansas). 

1.  COG3  protein  is  localized  on  Golgi  in  normal  conditions.  In  breast  cancer  cells  it  is  also 
localized  on  peripheral  structures. 

COG  complex  localization  in  cancer  cells  probably  reflects  mislocalization  of  its  membrane 
receptor(s)  (Figure  1 ). 

Figure  1.  Localization  of 
COG3p  in  HBC 
SUM1315M02. 

Immunofluorescence  was 
revealed  that  COG  complex 
localized  both  on  Golgi 
structure  (1 )  and  on  peripheral 
structures  (2).  I  discovered  that 
GS28  is  colocalized  with 
COG3  on  peripheral  structures 
in  breast  cancer 

SUM1315M02  cells. 


2.  COG  complex  malfunction  causes  Golgi  fragmentation  into  mini-stacks  and  vesicle 
accumulation. 

I  utilized  RNA  interference  assay  to  knockdown  COG3  protein.  Three  different  siRNAs  have  been 
used.  Only  one  of  them  was  active  in  HeLa  cells.  The  left  panel  (Figure  2)  shows  control  cells 
transfected  only  with  reagent.  On  the  right  panel  are  cells  after  72  h  of  siRNA  transfection.  The 
quantity  of  COG3p  was  dramatically  reduced  in  siRNA  transfected  cells. 


Figure  2.  siRNA  COG3 
transfection  induces 
degradation  of  COG3p. 

Immunofluorescence 
localization  of  COG3p  in 
HeLa  cells  after  transfected 
by  siRNA  COG3. 


Control  HeLa  lOOx 


siRNA  1  HeLa  lOOx  (72  hour) 


COG3  siRNA-depended  Cog3p  depletion  is  accompanied  by  reduction  in  Cogl,  2  and  4  protein 
levels  and  by  accumulation  of  COG  complex  dependent  (CCD)  vesicles.  Blockage  in  CCD  vesicles 
tethering  is  accompanied  by  extensive  fragmentation  of  the  Golgi  ribbon.  Fragmented  Golgi 
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membranes  maintained  their  juxtanuclear  localization,  cisternal  organization  and  are  competent  for 
the  anterograde  trafficking  of  vesicular  stomatitis  virus  G  protein  to  the  plasma  membrane.  In  a 
contrast,  Cog3p  KD  resulted  in  inhibition  of  retrograde  trafficking  of  the  Shiga  toxin  (7). 

These  data  clearly  demonstrate  the  importance  of  the  COG  complex  for  both  function  and 
architecture  of  the  Golgi  apparatus.  The  COG  complex  operates  as  a  vesicle  tether  that  resides  on 
the  cis/medial  Golgi  compartment  and  determines  accurate  docking  and  fusion  of  retrograde  COG 
complex  dependent  intra-Golgi  vesicles. 

3.  Prolonged  knockdown  of  COG3p  affects  glycosylation  in  secretory  pathway.  Cog3p 
acute  depletion  caused  accumulation  of  non-tethered  vesicles  and  Golgi  fragmentation  but,  at  least 
initially,  did  not  affect  glycosylation  of  three  different  glycoproteins:  GPP130  (Golgi  phosphoprotein  of 
130  kDa),  a  130-kDa  phosphorylated  and  glycosylated  integral  membrane  protein  localized  to  the 
cis/medial  Golgi  (7,  8),  CD44  (endogenous  heavily  glycosylated  plasma  membrane  glycoprotein  (9)) 
and  Lamp2  (Lysosome-associated  transmembrane  glycoprotein  (10)).  This  result  was  not  expected, 
since  severe  Golgi  glycosylation  defects  were  previously  observed  in  both  ACOG1  (IdlB)  and  ACOG2 
(IdIC)  Chinese  hamster  ovary  (CHO)  mutants  (11),  and  similar  glycosylation  abnormalities  were 
detected  in  yeast  cog3-ts  (sec34-2)  mutant  (12).  To  resolve  the  discrepancy  in  mutant  phenotypes  we 
tested  whether  the  extended  deficiency  in  Cog3p  function  affects  Golgi  glycosylation  machinery 
(Figure  3)  (13). 
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Figure  3.  Pulse-Chase  labeling  of  glycoproteins  CD44  and  Lamp2  in  HeLa  cells.  (A) 

3  d  KD  -  acute  knock-down  (KD)  after  3  days  of  COG3  siRNA  treatment  (COG3  KD).  (B) 
9  d  KD  -  prolonged  -  9  days  after  COG3  siRNA  treatment  (COG3  KD)  or  mock  treated 
(Control)  for  9  days,  a  -  fully  glycosylated  form,  b  -  underglycosylated  form,  *  -  nonspecific 
protein,  MW  -  a  molecular  weight  standard.  PDI  -  protein  disulphide  isomerase  as  a 
control  protein  localized  into  ER.  (C)  Analysis  of  efficiency  to  Golgi  delivery  of  CD44  and 
Lamp2  from  ER.  ER  cont  -  ER  localized  form  of  protein  in  control  cells.  G  cont  -  Golgi 
localized  form  of  protein  in  control  cells.  ER  KD  -  ER  localized  form  of  protein  in  COG3  9d 
KD  cells.  G  KD  -  Golgi  localized  form  of  protein  in  COG3  9d  KD  cells. 
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Wild  type  HeLa  cells  were  treated  with  C0G3  siRNA  for  different  time.  Acute  KD  is  referred  as  3 
days  after  siRNA  treatment,  prolonged  -  9  days  after  siRNA  treatment  or  mock-treated  for  9  days.  To 
study  the  glycosylation  process  in  COG  complex  depleted  cells  series  of  Pulse-Chase  experiments 
have  been  performed.  HeLa  cells  after  3  days  of  COG3  KD  were  pulsed  for  10  minutes  with  35S- 
Methionine  and  then  chased  in  unlabeled  methionine  rich  medium  for  0,  30,  60  and  120  minutes 
(Figure  3  A,  B).  Cells  were  lysed  in  defined  time  points  and  consequently  immunoprecipitated  with 
anti-CD44,  Lamp2  and  PDI,  samples  were  loaded  on  SDS-PAGE  and  visualized  by  autoradiography. 
There  was  no  difference  in  speed  of  delivery  to  Golgi  and  efficiency  of  glycosylation  detected.  Within 
120  minutes  majority  of  CD44  and  Lamp2  became  fully  glycosylated  in  both  control  and  3  days  COG3 
KD  HeLa  cells  (Figure  3  A).  In  contrasts  to  3  days  of  COG3  KD,  a  pronounced  defect  in  glycosylation 
of  CD44  and  Lamp2  has  been  shown  after  9  days  of  COG3  KD  (Figure  3  B).  Even  after  2  hours  of 
chase  in  9  days  after  COG3  KD,  CD44  as  well  as  Lamp2  never  reached  the  level  of  control  ones, 
saying  that  defects  in  glycosylation  are  developing  in  accordance  with  duration  of  COG  complex  KD 
and  thus  are  developed  due  to  some  secondary  effects  which  accumulated  in  COG3  depleted  cells, 
leading  to  underglycosyaltion  disorder.  However,  only  for  Lamp2  we  detected  significant  decrease  of 
Golgi  glycosylation  (Figure  3  C).  The  glycosylation  defect  was  even  more  pronounced  9  days  after 
COG3  KD.  Interestingly,  even  four  days  of  COG3  KD  was  enough  for  changes  in  gel  mobility  of  both 
CD44  and  Lamp-2,  indicating  production  of  under-glycosylated  protein  species  (Figure  4). 


Figure  4.  96  h 
Cog3p  knockdown 

affects  glycosylation  of 
membrane  glycoproteins 
of  secretory  pathway. 
HeLa,  HB2  and  MCF7 
cells  were  subjected  to  4 
days  of  COG3  knock 
down.  Total  cell  lysates 
were  analyzed  by  WB  with 
indicated  antibodies. 


HeLa 


HB2  MCF7 


CO 

CO 

CO 

_ 

O 

_ 

O 

_ 

O 

2 

O 

2 

O 

2 

O 

£ 

O 

£ 

O 

£ 

O 

O 

Q 

O 

Q 

O 

Q 

o 

* 

o 

* 

o 

* 

COG3 


CD44 


b-r 


Lamp2 


GAPDH 


— 

Not  detectable  by  AB 
against  CD44 

■■ 

ii 

—  — 

—  ~ 

—  — 

MW 

83 

83 

•4-  175 


83 


62 


These  findings  suggested  that  after  COG3  KD:  1)  either  glycoproteins  are  not  targeted  properly 
and  thus  can  not  encounter  Golgi  glycosylation  machinery  or  2)  Golgi  glycosylation  machinery  itself  is 
mislocalized,  thus  not  allowing  Golgi  enzymes  to  process  proteins. 

4.  COG  complex  component  expression  and  localization  in  normal  and  cancer  cells.  It  was 

previously  detected  that  the  COG3p  protein  level  in  a  MCF7  cell  is  elevated  in  comparison  to  HB2 
cells.  We  have  proposed  that  altered  level  of  expression  of  COG3p  (or  COG  complex)  could  be  a 
common  feature  of  cancer  cells  defective  in  protein  trafficking  and  Golgi  modifications.  To  test  this 
prediction  the  protein  expression  of  COG  complex  subunits  and  its  intracellular  localization  in  normal 
and  cancer  cells  were  determined.  Protein  samples  prepared  from  the  normal  cells  (HB2  and  CHO), 
mutants  of  CHO  cells  (ACOG1  (IdlB)  and  ACOG2  (IdIC))  and  cancer  cells  (MCF7  and  HeLa)  were 
separated  on  SDS-PAGE  (9%)  and  analyzed  by  Western  blot  (WB)  with  anti-COG3p  and  anti-COG4p 
(LobA  of  COG  complex),  anti-COG6  and  anti-COG7p  (LobB  of  COG  complex)  Abs  and  control  anti- 
GAPDH  Abs  (Figure  5). 

We  have  found  that  not  only  level  of  COG3p  but  also  other  subunits  of  COG  complex  in  breast  cancer 
cells  MCF7  had  been  elevated  2-4  times  in  comparison  to  HB2  cells  (Figure  5  A).  The  expression  of 
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Cog4p  subunit  of  lobe  A  COG  in  normal  breast  cells  HB2  was  also  reduced  96  h  after  COG3  KD, 
whereas  protein  level  of  the  lobe  B  Cog6  and  7  subunits  remained  unchanged  as  was  shown  for 
HeLa  cells  (7)  (Figure  5  B).  Efficiency  of  KD  for  MCF7  cells  was  lower  as  compared  to  HeLa  cells 
(about  50%)  but  COG4p  was  reduced.  Detailed  analysis  of  COG3  KD  cells  by  immunofluorescence 
(IF)  revealed  that  Cog3p  depletion  induces  Golgi  fragmentation  in  both  normal  and  breast  cancer  cell 
lines  (Figure  6.),  as  was  shown  for  HeLa  cells  (7).  This  result  points  out  that  the  importance  of  the 
COG  complex  for  both  function  and  architecture  of  the  Golgi  apparatus  does  not  depend  on  type  of 
cells. 


Figure  5.  The  expression  level  of  the  COG  complex  subunits  in  normal  and 
cancerous  cell  lines.  SiRNA-induced  COG3  KD  is  destabilizing  Lobe  A  COG  complex 
subunits.  (A)  Expression  of  COG  subunits  in  normal  (HB2)  and  breast  cancer  cells 
(MCF7).  (B)  WB  of  cell  lysates  from  control  and  96  h  COG3  KD  cells.  Average  levels  of  the 
COG  subunits  after  96  h  of  COG3  KD  were  determined  by  quantitative  WB.  To  normalize 
the  sample  loading  for  WB  analysis,  protein  content  was  measured  using  the  BCA  reagent 
(Pierce  Chemical  Co.).  Membrane  before  WB  analysis  was  stained  with  Ponceau  solution. 
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Figure  6.  Cog3p  depletion  induces  Golgi  fragmentation.  HB2  and  MCF7  cells  were 
transfected  with  COG3  siRNA  (KD  COG3)  or  mock  transfected  (Control).  72  h  after  transfection,  cells  were 
incubated  in  OPTI-MEM  for  24  h  after  that  fixed  and  processed  for  IF  with  anti-Cog3p  (COG3  red),  and  anti- 
GM130  (GM130  green)  antibodies.  The  right  row  represents  merged  three-color  images.  Bars,  10  mm. 


5.  Analysis  of  CathD  secretion  and  glycosylation  levels  of  mucinl  after  inhibition  of  the 
COG  function  by  COG3  siRNA.  Mucins  are  a  family  of  highly  glycosylated,  secreted  proteins  with  a 
basic  structure  consisting  of  a  variable  number  of  tandem  repeats  (VNTRs)  encoded  by  60  base  pairs 
(Mucin  1)  (14).  Mucin  1  proteins  vary  from  160  kDa  to  230  kDa  and  Mucin  1  is  aberrantly  expressed 
in  epithelial  tumors  including  breast  carcinomas.  Cathepsin  D  (CathD),  an  aspartic  lysosomal 
protease  expressed  in  all  tissues  is  secreted  from  carcinomas.  A  large  number  of  independent  clinical 
studies  associated  high  Cath-D  concentrations  in  primary  breast  cancers  with  increased  risk  of 
subsequent  metastasis  (15).  Analysis  of  glycosylation  of  Mucinl  and  trafficking  of  the  lysosomal 
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enzyme  Cath-D  in  COG3  KD  breast  cells  line  revealed  that  disturbance  of  COG  complex  function  in 
HB2  cells  lead  to  abnormalities  of  glycoprotein  processing  for  Mucin  1  and  its  secretion  into  the 
medium  (Figure  7).  Furthermore  COG3  KD  in  HB2  causes  increase  of  mislocalization  and  secretion 
of  preCathD  into  the  medium  imitating  cancer  phenotype. 

These  findings  allowed  suggestion  that  partial  malfunction  of  the  COG  complex  may  play  a  role  in 
establishing  of  cancer  phenotype. 
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Figure  7.  Alterations  in  protein  glycosylation  of  Mucinl  and  trafficking  of  the 
lysosomal  enzyme  Cath-D  in  COG3  KD  breast  cells  line.  After  72  h  KD  COG3  FIB2 
and  MCF7  were  started  for  analysis  of  CathD  and  Mucinl  secretion  and  glycosylation  by 
incubation  on  OPTI-MEM  for  24  h.  Then  medium  was  collected,  cells  and  debris  were 
precipitated  by  low  and  high  centrifugation  and  concentrated  by  TCA  precipitation  (16)  for 
overnight  in  a  cold  room.  Cells  were  lysed  by  1%SDS  at  95°C  for  15  min  and  loaded  2% 
of  cell  lysate  volume  and  50%  of  medium  after  concentration  on  a  gel  for  analyzed  by 
WB.  c  -  cells,  m  -  medium. 

6.  Initial  characterization  of  CCD  vesicles.  COG3  KD  FleLa  cells  accumulate  ~50  nm  vesicles 
that  could  be  detected  by  IF  or  electro  microscopy  (EM)  (Figure  8A)  (7)  techniques.  These  vesicles 
have  been  enriched  and  partially  purified  from  other  cellular  membranes  by  differential  centrifugation, 
glycerol  velocity  gradient  (GVG),  gel-filtration,  and  immunoprecipitation.  Glycerol  velocity  gradient 
centrifugation  allows  separation  of  CCD  vesicles  from  other  cellular  organelles  based  on  size.  These 
data  indicate  that  COG3  KD  cells  specifically  accumulate  vesicles  positive  for  GPP130,  GIcNAcTI, 
Mann  II,  and  GS15  as  a  single  peak  (fractions  3-5)  upon  separation  on  glycerol  velocity  gradient 
(Figure  8B  and  data  not  shown)  (13).  Control  cells  do  not  accumulate  these  markers  in  vesicular 
fractions  (Figure  8C). 
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Figures  8.  Partial  purification  and  initial  characterization  of  CCD  vesicles.  (A)  Ultrastructural 
analysis  of  COG3  KD  HeLa  cells  indicated  accumulation  of  50  nm  vesicles  (arrows).  (B)  Glycerol 
velocity  gradient  (GVG)  separation.  GPP130  -containing  CCD  vesicles  (fr.  3-4)  are  separated  from 
large  membranes  (fr.  13)  and  cytosol  (fr.1).  (C)  Vesicle  fractions  3-4  from  glycerol  gradient  are 
enriched  in  GPP130  and  medial-Golgi  enzymes.  (D)  GPP130-containing  CCD  vesicles  are  affinity 
precipitated  with  a-GFP-beads.  Input  was  a  GVG  vesicle  pool  obtained  from  COG3  KD  HeLa  cells 
that  stably  express  GFP-GS15.  (E)  CCD  vesicles  are  specifically  recovered  on  beads  preloaded 
with  COG  complex.  Input  was  a  GVG  vesicle  pool  (fr.  3-4)  obtained  from  COG3  KD  HeLa  cells. 


For  the  next  experiment  were  used  semi-pure  CCD  vesicles  obtained  from  HeLa  cells  stably 
expressing  GFP-GS15  (obtained  in  this  work)  (Figure  8D).  In  this  experiment  more  than  50%  of  GFP- 
GS15-containing  vesicles  were  precipitated  under  native  conditions  on  beads  loaded  with  anti-GFP 
antibodies.  These  beads  also  precipitate  -15%  of  GPP130.  Control  anti-PDI  beads  did  not  precipitate 
GFP-GS15  or  GPP130,  indicating  that  vesicle  binding  is  specific.  This  result  indicates  that  CCD 
vesicles  can  be  quantitatively  precipitated  and  that  these  vesicles  also  contain  GPP130.  These 
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experiments  will  be  expanded  to  determine  if  other  putative  CCD  cargo  is  enriched  in  GFP-GS15 
vesicles. 

As  it  has  been  shown  that  CCD  vesicles  obtained  from  a  20,000xg  supernatant  (S20)  of  COG3 
KD  cells  can  be  specifically  recovered  on  beads  preloaded  with  COG  complex  (7).  The  major  caveat 
of  this  approach  was  low  (~4%)  binding  efficiency  of  CCD  vesicles  to  COG  beads.  Now  vesicle  yield 
has  improved  by  modifying  our  procedure  for  preparing  COG  beads  and  by  using  vesicles  purified  on 
glycerol  velocity  gradient.  COG  complex  was  isolated  on  anti-GFP  beads  from  lysates  of  HeLa  cells 
that  stably  express  YFP-COG3  (obtained  in  this  work).  Protein  levels  of  YFP-COG3  and  endogenous 
Cog3p  in  these  cells  were  similar  (data  not  shown).  As  a  result,  beads  contained  almost  equal 
amounts  of  different  COG  subunits  (lOpI  of  beads  contained  ~1pg  of  YFP-COG3  and  0.24  pg  of 
COG6).  Beads  were  incubated  for  2  h  at  4°C  with  semi-purified  vesicles,  washed,  and  analyzed  by 
WB.  More  than  10%  GPP130-containing  CCD  vesicles  were  recovered  on  beads  loaded  with  the 
COG  complex  and  less  than  2%  was  recovered  on  control  beads  (Figure  8E). 

7.  Docking  of  isolated  CCD  vesicles  to  Golgi  membranes  is  reconstituted  in  vitro.  Results 
were  shown  above  indicated  that  both  medial-Golgi  glycosyltransferases  and  intra-Golgi  SNAREs  are 
transiently  accumulated  in  CCD  vesicles  in  COG3  KD  cells.  To  test  if  these  vesicles  represent  a 
functional  intra-Golgi  transport  intermediate,  I  designed  an  in  vitro  system  that  measured  vesicle 
docking/fusion  with  isolated  rat  liver  Golgi.  The  system  design  was  based  on  the  sedimentation 
properties  of  rat  liver  Golgi  (RLG,  pelleted  at  10,000xg)  and  CCD  vesicles  (not  pelleted  at  20,000xg). 
Both  GIcNAcTI-myc  and  GPP130  were  used  as  vesicle  markers  (Figures  9,  10). 


Figure  9.  In  vitro  system  scheme  of  vesicles 
docking/fusion  with  rat  liver  Golgi 


CCD  vesicles  from  COG3  KD  cells 


Rat  liver  Golgi 

(10,000xg  pellet,  RLG) 


Incubation  at  37°C  with  cytosol 
and  ATP  regeneration  system 


I 


10,000xg  pellet  with 
docked/fused  vesicles 


-Docked  vesicles  are  resistant  to  high  salt  wash 
-Docking  require  peripheral  Golgi  proteins 
-Docking  is  blocked  by  anti-COG3  IgGs 
cis,  med- Golgi  t  and  trans-Go\g\  T  glycosylatransferases 


Figure  10.  Antibodies  recognized  specific  antigens  in  rat  liver 
Golgi  (RLG)  and  COG3  KD  HeLa  S20  fractions. 
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Aliquots  of  RLG  and  COG3  KD  HeLa  S20  (~  10  pg  each)  were  separated  on  10% 
SDSPAGE  and  immunoblotted  with  antibodies  as  indicated. 


In  the  first  experiment,  20,000xg  supernatant  (S20)  from  COG3  KD  cell  lysates  was  mixed  with 
different  amounts  of  purified  RLG  and  incubated  for  30  min  at  37°C.  At  the  end  of  incubation,  RLG 
with  bound  vesicles  were  pelleted  and  washed  with  low  salt  buffer  or  with  buffer  with  250  mM  KCI.  I 
have  found  that  CCD  vesicles  were  able  to  dock  to  isolated  Golgi  (Figure  11  A).  The  amount  of 
sedimentable  vesicle  marker  (up  to  30%  from  total  input)  was  proportional  to  the  amount  of  added 
Golgi  membranes  and  vesicle-Golgi  association  was  resistant  to  250mM  salt  wash,  which  normally 
strips  vesicles  from  Golgi  membranes  (17),  indicating  tight  association  and/or  complete  fusion. 


A 


S20 

+ 

+ 

+ 

+ 

+ 

Golgi 

0 

5 

10 

0 

10 

250mM 

KCI  wash 

- 

- 

- 

+ 

+ 

GIcNAcT  1  -► 

Figure  11.  Reconstitution  of  CCD  vesicles  docking  to  Golgi  in  vitro.  (A)  GIcNacTI -containing 
vesicles  are  specifically  cosedimented  with  rat  liver  Golgi  (RLG).  S20  (vesicle  fraction)  from  COG3 
KD  HeLa  cells  was  incubated  with  indicated  amounts  of  RLG  for  30  min  at  37°C  and  then  Golgi 
were  pelleted  at  10,000xg.  Vesicle  binding  was  estimated  by  WB. 
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Second  experiment  (Figure  1 1 B)  performed  under  the  same  conditions  was  designed  to  test  if 
vesicle  docking  is  COG  dependent.  Docking  to  acceptor  Golgi  membranes  was  sensitive  to 
proteinase  K  pretreatment,  indicating  involvement  of  peripheral  and/or  transmembrane  proteins. 
Indeed,  both  Golgi  SNARE  GS28  and  Cog3p  were  completely  destroyed  by  Proteinase  K  treatment 
(Figure  1 1 B  lane  rat  GS28  and  data  not  shown).  Most  importantly,  docking  of  CCD  vesicles  was 
sensitive  (-70%  inhibition)  to  addition  of  anti-COG3  IgGs. 
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Figure  11.  Reconstitution  of  CCD  vesicles  docking  to  Golgi  in  vitro.  (B)  Vesicle  docking 
requires  Cog3p  and  peripheral  Golgi  proteins.  Golgi  (detected  with  rat  GS28  IgGs)  were 
pretreated  with  a-Cog3p  IgGs,  or  with  Protease  K  +/-  protease  inhibitor  and  afterwards  incubated 
with  vesicles  (detected  with  antibodies  to  human  GPP130  and  anti-myc-GIcNAcTI)  as  in  A. 


Incubation  at  37°C  does  not  discriminate  between  vesicle  docking  and  fusion.  Therefore,  I 
performed  docking  reaction  for  1  h  at  4°C  (Figure  1 1 C).  Again,  more  than  40%  of  vesicular  marker 
GIcNAcTI -myc  was  co-sedimented  with  RLG  in  a  time-dependent  manner  (Figure  1 1 C,  left  “Pellet” 
panel),  and  a  proportional  depletion  was  observed  in  the  supernatant.  As  a  specificity  control,  we 
used  mostly  ER-resident  protein  PDI  that  was  present  in  small  amounts  in  both  the  S20  and  RLG 
fractions.  Importantly,  our  anti-PDI  antibodies  recognized  both  the  rat  and  human  protein  species, 
which  run  differently  on  SDS-PAGE  (Figure  10  and  1 1 C,  compare  human  and  rat  PDI  bands).  I  found 
that  human  PDI  was  not  co-sedimented  with  RLG,  indicating  that  docking  of  CCD  vesicles  was 
specific. 
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Figure  11.  Reconstitution  of  CCD  vesicles  docking  to  Golgi  in  vitro.  (C)  Vesicle  docking  takes 
place  at  4°C.  Vesicle  fraction  was  incubated  with  lOpg  of  RLG  for  time  indicated  at  4°C  and  then 
Golgi  with  docked  vesicles  were  recovered  and  analyzed  as  in  A.  Note  that  human  ER  protein 
human  PDI  that  is  present  in  S20  fraction  is  not  cosedimented  with  Golgi. 

Finally,  I  tested  if  CCD  vesicles  purified  on  glycerol  velocity  gradient  were  active  in  a  docking 
reaction  (Figure  1 1 D).  I  have  found  that  more  than  40%  vesicles  specifically  docked  to  RLG. 
Importantly,  this  vesicle  prep  was  cytosol-free,  and  RLG  was  the  only  source  of  Cog3  protein, 
indicating  that  docking  of  CCD  vesicle  is  independent  of  soluble  factors  and  that  the  COG  complex  is 
acting  from  the  Golgi  side  to  direct  the  vesicle  docking  process. 
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Figure  11.  Reconstitution  of  CCD  vesicles  docking  to  Golgi  in  vitro.  (D)  CCD  vesicles 
(GIcNAcTI)  purified  from  glycerol  velocity  gradient  bind  to  RLG  (COG3)  with  -40%  efficiency. 


These  findings  have  concluded  that  CCD  vesicles  are  functional  intra-Golgi  intermediates, 
capable  of  docking  to  Golgi  membranes  in  a  COG  complex-dependent  reaction. 


Key  research  accomplishments 
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1 .  Altered  level  of  expression  of  COG3p  (or  COG  complex)  could  be  a  common  feature  of  cancer 
cells  defective  in  protein  trafficking  and  Golgi  modifications. 

2.  The  importance  of  the  COG  complex  for  both  function  and  architecture  of  the  Golgi  apparatus 
does  not  depended  on  type  of  cells. 

3  COG  complex-dependent  docking  of  isolated  CCD  vesicles  was  reconstituted  in  vitro,  supporting 
their  role  as  functional  trafficking  intermediates. 
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Conclusions 

1 .  COG  complex  malfunction  causes  Golgi  fragmentation  into  mini-stacks  and  vesicle  accumulation. 

2.  Prolonged  knockdown  of  COG3p  affects  glycosylation  in  secretory  pathway. 

3.  Altered  level  of  expression  of  COG3p  (or  COG  complex)  could  be  a  common  feature  of  cancer 
cells  defective  in  protein  trafficking  and  Golgi  modifications.  The  importance  of  the  COG  complex 
for  both  function  and  architecture  of  the  Golgi  apparatus  does  not  depend  on  type  of  cells. 

4.  Partial  malfunction  of  the  COG  complex  may  play  a  role  in  establishing  of  cancer  phenotype. 

5.  Constantly  cycling  medial-Golgi  enzymes  are  transported  from  distal  compartments  in  CCD 
vesicles.  Dysfunction  of  COG  complex  leads  to  separation  of  glycosyltransferases  from 
anterograde  cargo  molecules  passing  along  secretory  pathway,  thus  affecting  normal  protein 
glycosylation. 
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siftNA  dependent  Cog3  depletion  causes  rapid  Golgi  fragmentation. 

Sergey  N.  Zotov,  Department  of  Physiology  and  Biophysics  UAM$ 


The  conserved  oligomeric  Golgi  (COG)  complex  was  identified  as  one  of  the 
evolutionary  conserved  protein  complexes  that  regulate  a  cis-Golgi  step  in  intracellular 
vesicular  transport.  This  evolutionary  conserved  complex  is  composed  of  eight  subunits. 
Mutations  in  the  COG  complex  subunits  result  in  defects  in  baste  Golgi  functions: 
glycosylation  of  secrctoiy  proteins,  protein  sorting  and  retention  of  Golgi  resident 
proteins..  Wc  propose  that  the  CGG3  protein  plays  one  of  the  main  roles  in  these 
processes.  We  utilized  RNA  interference  assay  to  knockdown  ofCOGS-p  in  HeLa  cells  to 
determine  the  effect  of  its  depletion  on  Golgi  proteins  localisation. 

stRttA  dependent  Cog3  depletion  cause  rapid  Golgi  fragmentation  and  possibly 
accumulation  of  Golgi  resident  proteins  in  transport  vesicles.  Furthermore  in  CQG3 
depicted  cells  level  of  CQGl>  2F  4  and  fi  is  atso  reduced  while  the  leve]  of  COG5  and  6 
Sunils  Is  not  changed.  We  found  that  the  COG  complex  physically  interacts  with 
components  of  intra-Golgi  trafficking  machinery  including  SNAREte  and  vesicle  tether 
GM130,  COG3  protein  in  normal  conditions  is  localised  on  Golgi  but  in  breast  cancer 
cells  in  addition  to  the  Golgi  it  is  also  found  on  peripheral  structures  where  it  colocated 
with  SNARE  protein  GS28.  These  results  helps  to  farther  define  the  COG  complex 
fraction  in  protein  trafficking. 
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Cog3p  depletion  blocks  vesicle-mediated  Golgi  retrograde  trafficking  in 

HeLa  cells.  ,  .  .  » 

S.  Zolov.  V.  Lupashin;  Physiology  and  Biophysics,  University  of  Arkansas  tor 

Medical  Sciences,  Little  Rock,  AR  , 

The  Golgi  apparatus  organizes  both  the  anterograde  exocytic  trafficking  ol  newly 
synthesized  proteins  that  travel  from  the  endoplasmic  reticulum  to  the  plasma 
membrane  and  retrograde  endocytic  trafficking  of  cell  surface  molecules  that 
travels  back  to  the  HR.  The  COG  (Conserved  Oligomeric  Golgi)  complex  was 
identified  as  one  of  evolutionarily  conserved  multi-subunit  protein  complexes 
that  regulate  membrane  trafficking  in  eukaryotic  cells.  We  have  previously- 
proposed  that  yeast  COG  complex  acts  as  a  tether  that  connects  cis-Golgi 
membranes  and  COPI-coated  intra-Golgi  vesicles.  In  this  work  we  used  siRNA 
strategy  to  efficiently  knock-down  Cog3p  in  Hela  cells.  Cog3p  depletion  is 
accompanied  by  reduction  in  Cogl,  2  and  4  protein  levels  and  by  rapid 
accumulation  of  COG  complex  dependent  (CCD)  vesicles  carrying  v-SNAREs 
gsl5p  and  gs28p  and  cis-Golgi  recycling  glycoprotein  gpp!30.  Some  ot  these 
CCD  vesicles  appeared  to  be  COPI  coated.  A  prolonged  block  in  CCD  vesicle 
tethering  induced  extensive  Golgi  fragmentation.  Similar  Golgi  fragmentation 
was  observed  when  Hela  cells  were  microinjected  with  anti-C'og3p  antibodies. 
Fragmented  Golgi  membranes  maintained  their  juxtanuclcar  localization, 
cisternal  organization  and  were  competent  for  anterograde  trafficking  of  VSVG 
protein  to  the  plasma  membrane.  In  a  contrast,  Cog3p  knock-down  resulted  in 
complete  inhibition  of  retrograde  trafficking  of  the  Shiga  toxin  between  the 
plasma  membrane  and  the  HR.  We  used  native  immunoprecipitations  to  show 
that  the  Golgi-located  COG  complex  physically  interacts  with  gs28p  and  COl  I. 
In  addition,  the  purified  COG  complex  specifically  tethers  isolated  CCD  vesicles. 
For  the  first  time  we  have  demonstrated  that  the  acute  depletion  ot  mammalian 
COG  complex  activity  results  in  specific  inhibition  of  tethering  of  retrograde 
intra-Golgi  vesicles  and  that  the  efficient  targeting  of  these  CCD  vesicles  is 
essential  for  the  maintenance  of  the  Golgi  structure.  Supported  by  grants  from  the 
NSF  (MCB-0234822)  and  DOD  (DAM D 17-03- 1-0243). 
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Cog3p  depletion  blocks  vesicle-mediated  Golgi 
retrograde  trafficking  in  HeLa  cells. 

Sergey  N.  Zolov,  Department  of  Physiology  and  Biophysics  UAMS 

The  Golgi  apparatus  organizes  both  the  anterograde  exocytic  trafficking  of  newly  synthesized  proteins  that 
travel  from  the  endoplasmic  reticulum  to  the  plasma  membrane  and  retrograde  endocytic  trafficking  of  cell  surface 
molecules  that  travels  back  to  the  ER.  The  Conserved  Oligomeric  Golgi  (COG)  complex  is  an  evolutionarily 
conserved  multi-subunit  protein  complex  that  regulates  membrane  trafficking  in  eukaryotic  cells.  Mutations  in  the 
COG  complex  subunits  result  in  defects  in  basic  Golgi  functions:  glycosylation  of  secretory  proteins,  protein 
sorting  and  retention  of  Golgi  resident  proteins.  We  propose  that  the  COG3  protein  plays  one  of  the  main  roles  in 
these  processes. 

In  this  work  we  used  siRNA  strategy  to  achieve  an  efficient  knock-down  of  Cog3p  in  HeLa  cells.  Cog3p 
depletion  is  accompanied  by  reduction  in  Cogl,  2  and  4  protein  levels  and  by  accumulation  of  COG  complex 
dependent  (CCD)  vesicles  carrying  v-SNAREs  GS15  and  GS28  and  cis-G olgi  glycoprotein  GPP130.  Some  of 
these  CCD  vesicles  appeared  to  be  COPI  coated.  A  prolonged  block  in  CCD  vesicles  tethering  is  accompanied  by 
extensive  fragmentation  of  the  Golgi  ribbon.  Fragmented  Golgi  membranes  maintained  their  juxtanuclear 
localization,  cisternal  organization  and  are  competent  for  the  anterograde  trafficking  of  VSVG  protein  to  the 
plasma  membrane.  In  a  contrast,  Cog3p  knock-down  resulted  in  inhibition  of  retrograde  trafficking  of  the  Shiga 
toxin.  Further,  the  mammalian  COG  complex  physically  interacts  with  GS28  and  COPI  and  specifically  binds  to 
isolated  CCD  vesicles. 

We  conclude  that  the  mammalian  COG  complex  serves  as  a  “docking  station”  for  retrograde  Golgi  vesicles. 
These  results  help  to  further  define  the  COG  complex  function  in  protein  trafficking. 

This  work  was  supported  by  grant  from  the  Department  of  Defense  (DAMD17-03-1-0243). 
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signj  Ik^nC  Hlpp  I'.i  wjtiinnl  1fu(t  Che  breast  cp:1hcLial  «l|»  Fm*n  hEh:1<hI  jicHinn  cun  he 
sruditd  dl  die  suna  fasbioa.  These  audits  will  Icud  10  fniirful  icsului  Through  genomic 
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ing.  ofleis  ,1  great  opportunity  to  xsen cists  imd  healih  care  pdikn  of  dneiHunu  *ith 
consumers  and  the  general  puWk  alTecled-  by  bnpist  cancer  the  potential  of  d»s 
Lqipnacb  for  um'iMKJ  risk  ust% fltfJoculu  biunl.il  kef  a. 
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Uieue  eanrsr  ia  [be  n»j[  eomiion  ooiL-Abi  majlguaDey  alTeeclng  v-amav  111  die  Uiined 
Swie^.  Ciitiemly  llktu  ii-  nut  :■  ssnfrie  blood  hsucd  diapn1^!-!  ic  awl  U  cmnplemcnrl 
radiolv^Kal  scmnir^  ^imt  scnsiiiviLy  flf  «lia&-iitm.  altered  petnein 

nuilfcr!  in.  plaTirill  Ihat  Invert  ru  nnrmal  ler-cl»  Fiinrywinp  lur^iejl  Irrahncnl  Sisieu 
bnst  l'juill'j  ii  a  Jdeojjsciti'oiij  disease,  a  homogesioui  HER2  pouuve  njbsrt  of 
|Tai-eni  --  b  uquiiil  10  iisiaffifetedl  t-ojicnjlfi.  A  maf-s-spcccr'-^niccric  ^pproacli  was  used 
Mini  <upporlt;d  by  atvtrul  ’.LlIjhIjijL  sil^%irillu»-h  fEtecurjiive  SuppOCL  Vfttflf  MajL-lune, 
Ftanilorri  FfHGHl  Artjily^is  ;ii-hE  f4^|  ki  iktlnc  a  --L  nl  hi^^TKirken-.  lhar  wrt.eefralerl  LiUl- 
te«  fntoi  erinlmlH  wirh  .111  cTnir  cjJtc  Ctf  l?.h'‘i  Otic  tif  the  nialkrTb.  Ii  ItiipiMlaible  for 
ment  uf  the  rtsdving  power  io  scjniariag  comm  ftomeonnol  samples  as  well  as  being 
nixr  of  1  he  top  >ignitleanE  mkn  ihnc  tegregute  pro  aiul  fkisl  kurgioHl  -inipk’i  Tbit 
marker  was  idetwLtlod as  a  (tj^ttihu  of  flhrirK^n  Alpha  (htiA  j  meLimfiassing  nr.vidueK 
m^\(\  ll  is  pre'^rJ  n[  hi fher  level '  ill  (H^nituh  vein iu  cirtocr  aaid  ncvnlK  N>-  m imrui I 
Leids  pose  surgery.  Pleviotisly  iibrinocgTC-n  degraducion  pnoducls  Imvc  hwn  shown  to 
inanse  in  abundance  in  p]*Hnn  from  rancer  paHents  m  dwitmsl  to  FGASSUlDl  The 

ppitE'ilse  Ikm  C  U'.jve'j.  KiA  it  nmim  Sold  iXh  ruay  Isc  IB  wived  ul  ljtill-j  ^oiius:-.  ur  uuy 
nlso  ‘<CTTC  41s  iHcfcl  d  141  piu Hi ie  In  ctinjdiiHicin  hH(u*  ?h:i[  a  rerluLtnin  in  plawr^ 
Idrii  6f  t  ISut-eI  KltrtiifjUgen  Alplka  L'-lemitial  dejJtrbildl  lull  prodLhl  It  ilhlftnm  \  t  iif  uf.- 
ecr  and.  reverrs  ro  normal  levels  following  staig^r>'  in  patients  with  HERS  positive 
ditcwc. 
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fptrrdticlion;  We  hrt-pfjthuHi/BiL  IhaL  Hlnniruil  h>pus.ia  ik  :in  cinpinUiiir  prvyrlunLc  facur 
in  hrL.LEt  eaiierr  prngmamn  Dl  tbit  Iclkw'iliir  jic-nM  I  set  ulll  to  miLltet  lL*cliniE]Ues  lo 
idetbfy  novel  gents  lesponsMc  for  tliiSerences  in  response  to  hypoxic  stress  be(w«n 
slnxnn  and  epithtliiun  of  invuive  bccnsl  carcinoma. 

MefniulE  nni]  Rmill'-  I  IsTy  CunvunLiunul  IH  H  ;iml  WwWffl  hliflciii  i'.  1  Iiluc  kIiu^iI 
ihur  known  qmhelial  hypoxic  marker  carbonic  imhtdm.%e  IN  K  ■■1. t >;  1  »  inducetl:  hy 
JijT»jcia  in  fibroblasa  in  \Ttra  cm  mRN'A  ond  protein  lm\  Emmunohisioehflmicil 
iijE|;i’iLiri  of  a  ul  uivilmal  tirej.-.L  LdiLiiiniius  tlkiwed  ItuL  ll::  I'rcquciiL^,  of 

finieniil  ht-pux.13.  .an  li&fnei  fled,  hy  CAlX  expression,  vtun  riM  dirceily  oeLacd  k>  ntcrosis, 
<kt  to  epithdiiii  hypotin.  nro(jtth«iHj  e^pinemefl  of  irnnl  vtnui  epitlieliat  CAIX 
espression  was  also  diffeirra  tTomes-  et  a-1.  HXD).  Tbe  ONA  mlenWtrrt-y  LcimpansninKf 


CAIX  immuflcxlBiaed,  liter  mKrodiiaeolfld  ittweit  neefiociH  of  invjwvu  bis'iisl  cuvi- 
noma  identified  novel  h>i»Kia  associate'd  candidaoc  ger«p.  rhtFi;r=rjiil  cspressicwi  uf 
■wlceUrd  cimdldJltct  wac  cunlirmcd  nn  mRKA  level  using;  tcii!  nent  PER  ami  Nunbcltl 
hlcCLing.  luunuiiebtiinai^of  itsstt  army.  cooaLmeiied.  from.  120  Invasive  beeast  tumois. 

rill  r. I n*l  analytic  uf  rill li IV.  11-  .1.-  •iiirspCili'd  sU'/.iiivc  pn i|S- 

noHtc  dgni&cnKC  of  camlidase  gene  ^2 .  Candidate  92  wlls  previomly  a™;rf ud  us  a 

lumor  suppressor  gene  Relevance  of  carhfidaie  psiu  92  m  nanunary  jjliind  tuh- 

iiiukcd  ui  nmxise  -  observed  ccae  cAp/chihin  levels  virieii  during  immvn'ary  gland 
ckvcliTiiiiMii.  lacusiuti.  and.  inv^oiotion. 

Summary:  I  mastered  a  chain  o-i'-ssprrimrmal  me^ods  osecl  to  identify  nov<l  riiif^ndn- 
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In  btr^tf  imd  tonw  otltrr  cancers.  Ibe  wrumnl  pmdpelim  und  scLnclKm  of  nhcmnlly 
glyuciHt ! :iLuil  pmCum.^  ;md  ti^iidv  uu  ihu  SUtfaeu  are  llhkuci Jlud  --.ill  diiCUSe  pfO.C.reSiiuiy 
metrLi'jvis  nrsl  jkht  clinical  nwtesHftC  (1hv*EiH>iaiiEiri  dnomalitiot  COlWtm  bodl  N- 
litiked  and  O-kaked  ^urtwhydraw  chims  on  glyoegtrolein-^  ;it|lI  >;lypa4ipklt,  They  hLcly 
impair  many  basic  cellular  fimeifcons.  since  icrminiil  tdi^nsjcchiirak  umb  sent  iLt 
highly  tjil-'.iiE  biulugical  rortignil»Od  iLtu-lceuln  iinphuaictl  in  mjjor  hJglilawgy 
priJCLstri  rtf  ihe  cell.  These  phenory^fie  chasigcfl  in  mali£isani1  csdls  hichly  coirelalewitli 
■i. uked  siruetunl  and  fundtofidl  di«4xrgiffii/atkin  of  the  Golgi  efpniitm.  Ttle 
ConEerved  OhgoiTKTic  Golgi  (COGj  complex  is  a  penphifTiil  m^mhranif  pttrfuin  cimi- 
ples(  lofflliJCil  Lin  cit-incdial  Golgi  cmem  THka  cvnliiCmnnni'  cumcrved  OWtTpkx  [% 
LLHiipiDcJ  of  eight  subufliia.  Coc  I  asd  Coo2  defic:ent  Ouitrse  hamper  ovary  cells  are 
viable,  bul  tKhihii  defeeLt  in  multiple  Golgi  glycosylntiom  paihways  ntablhihiilg  a  role 
for  Iht  (-.'{.Ki  cnmpli! s  in  irumuiul ion  tiullu:  iWtiuB.  HLcoirly,  MO  jjblulgb  were 
ikscrlfd  wilh  a  iiitil  form  rtf  conirer  it'll  disorders  nf  gkrusyliLiuib  it  [Klhiraustti  by  a 
nmLaLiuiL  In  die  gcfie  encoding  COG7.  All  ibe^e  dna  indiealc  dial  COG  ecvnplot;  nmy 
piirit-ip-arc  inGrtlgi  pratcin  trarlk-kine. 

Wc  utilc^d  siRNA  inLL-rtmrrioe  u-isay  kN  knock 'tliiwil  COGip  cl  HeLa  cells  10  derer- 
mmc  how  iw  acme  knrtd«.duw-ti  v-miUl  mllunice  ittcnibrirK:  Infikking  nnd  w|mk  are  Hie 
F*>ie-Jii  parnsas  of  the  COG  £MEplci£  on  ibe  mammalian  Golgi?  Hie  reaiHs  showed 
dial  C'rttt.’fr  deplelhiEi  ih ffeomponied hy  rcJudinn in Cqlh3  ami 4  pmicin  lewis  J.nd 
by  rupkJ  aecymuhiiiun  eftOfl <4mpkx  dcpsinduni.  it :(.'□>  vcmlJlh  t-arrying  s-SN.AREii 
gs  1 5  aixJ  gs2H  and  cisuf  ioljt  neyc ling  glyc4Tm.iLem  f'i  lJP  E 30.  Surue  of  dlCSie  CCD  l-esi- 
etei  appeared  co  be  CX>Pt  eoared.  A  prolonged  block  in  CCD  iwule  liLlisnng  U 
accomponiEd  hy  extensive  fragmencation  of  Co-lpi  ribbon,  rngnuntdl  Eii-lgi  ikut 
br^lWh  rniLjatijned  Ehuu  j  uxlucudcju’  lurjliriiliiin.  Liilcmal  urganui^liMl  alkl  Jhf 
oompetflil  I'uflfiK  jj [L-leT-r.gr.il I L-  Lmhllckn-u:  nf  VSVti  piUldn  [rt  ihe  plaifrta  mttiibraile-.  In 
DciUM,  L'ugjp  ktKic k ■  ckrwti  re«dtod  ui  Intubit-ion  of  itlmstriide  trn  ffickMis  nf  die  Shinn 
Toxin.  Wc  found  dui  the  COG  compks.  physLcully  inEerirfs  with  LfimpuiiaiLT  ul  mLra- 
Gliillti  traUlcking  mushloery  inclLMling  v-SNARF  t  In  hrraM  LnncEr  cells  llic  COG 
Hffljda  is  JoealLzenl  noi  only  on  the  Golgi  bur  is  also  found  on  peripheral  atrixtnra 
where  in  colocali /os-  wilh  SNARE  protein  GS2S, 

We  conclude  Ihnc  the  mammalian  COG  complex  serves  as  a  ‘'dodtfttg  ^tatinn-  fur 
rcLHJEjjJi:  (snHyi  Eciicics  I  k-nc  :ci uli?,  help  iu  I’unher  dfllilC  die  COG  uorifflcx 
fiuieiiMi  in  proiein  E/slficting. 

Yh?  t\'S.  J.i-m;.  hi mOcai  toseattA  and '  Cvmrmnui  amier  DA\fD17-0i-t-&143 

'U/7/M>rrfEjf  thu  HT^rJL 
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CCD  vesicles  appeared  to  be  COPr  coated.  A  prolonged  accumulation  of  CCD 
vesicles  is  accompanied  by  extensive  fragmentation  of  the  Golgi  ribbon  and 
ultimately  resulted  In  Golgi  glycosylation  defects.  Fragmented  Golgi 
membranes  maintained  their  juxtanudear  localization,  cisternal  organization 
and  are  competent  for  the  anterograde  trafficking  of  underglycosytated  CD44 
and  V5VG  proteins  to  the  plasma  membrane  and  for  correct  sorting  of  LAMP2 
to  Jy sesames.  In  a  contrast,  Cog3p  knock-down  resulted  in  inhibition  of 
retrograde  trafficking  of  the  Shiga  toxin.  Further,  the  mammalian  COG 
complex  physically  interacts  with  GS2S  and  COPI  and  specifically  binds  to 
Isolated  CCD  vesicles.  We  propose  that  the  COG  complex  is  essential  for 
correct  tethering  of  retrograde  intra -Golgi  CCD  vesicles  that  recycle  5NAREs, 
cargo  receptors  and  glycosylation  machinery  from  distal  compartments  back 
to  cis-Golgi, 
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MlimYrai,  il  JHIl'I  HltJiillllLTIL  IS  1111  1  ■  I ■  I  111  I  IM  111  tIJ*  I  1 1. PI  JUIIJUfc,  11111331 J  Lit  1111  ill 

rhflnjis  ^ij'  4.  jL^lpi  complexes  in  comparison  vnih  the  control  group.  We 
nhsimctl  mild  thartges  in  lhc  v-nnadyl  FillfaCc  ghnup,  slight  dliihgrt  in 
the  ™to viniadalc^jr-tttcd  croup,  and  conadtraWc  Lbiinge*  in  lire 
rikeliivaiiiulale  group.  In  STS  daahcl  icn  cylindrical  forms  of  (iedgi  body 
predominated.  As  compared  with  control  lit  all  vanadium  treated 
groups  reduction  of  body  weight  and  fluid  nod  11**1  intake  were 
observed.  In  comparison  with  untrealed  diabetes  physioJogieal 
i iiL|i i Lr<i ceil liil  i.L-.  cclIul-ELliil  u-t'  poly pliagi.i  and  polyuria  and  ]Hdydi|hiiL 

were  cAus-wi  by  treatment  with  all  investigated  vanadium  s^lts. 
Reduction  of  few  bhnKl  sup-Lr  level  wu  euuwl  h\  vanadyl  MilphiiuMc. 
3S%£  sodium  mlbovajiadate  {c  23^}  in  all  rats.  In  Lhe  sodium 
ITKtjivuiuidutc  -  ire.ikd  aiumulM  only  60'!  i-  sluixiol  dev  reaped  btpud 
5Ugar  level  (e,L0%),  None  of  inxestigmeti  vanadium  sate  in 
c\[H'i«ncnuil  comlituui  did  nrtiiuiLia  the  mctivqcy  rif 
ca-lactosyltraiisferaac,  the  liver  Golgi  complexes  marker  enzymr. 

L4iy 

Periodic  Accumulatkoik-Dispersjun  Cycle  around  iht  Goljii 
t^piirytiih  Clumclerbi'd  by  KIA  \03.9fl  Pk  oh-in  and  riiuhiMn 
Li&hl  Chain  In  MDAAf  B-U5  Cells 

S.  Sakaushk1  K.  Scnda-Vlumlo,1  K.  Inane,1  II.  /u^hi,1  T»  FukncW  S. 
Oka,"1  K.  Sugsmoto1:  1  Graduate  School  of  Life  and  Lnvironmeiitid 
Sakacea*  fHu-ku  Prefecture  lfmveFJ<ily.  finlyti,  Japan,  "Research  ■& 
Dcvekipiikimi  Center,  Nagase  &  Co,.  Ltd..  Kobe.  Japan 
Vi  e  Iijoc  studied  intracellular  cfcpreF-sion  profiler  of  KlAAOl^l  pnHem 
by  live  imaging  to  approach  its  function-  KIAAOZDO  protein  (also 
called  FCI3  domain  only  L)  ban  wt  FCM  domain  in  Lhc  amino  terminus 
but  function:*  of  (liv  pntfeui  remain  unknown.  Live  imaging  microscopy 
revealed  lli-il  EGFP  laugcd  KEAAO^Q  protein  localized  In  lhc  plasma 
membrane  as  well  as  ihc  ccnunsnme  and  scattered  circularly  as  minute 
particle*  aremud  lhc  ventn^mc-  TliiHhlapiV  juLdyai*  revoke!  ihal 
Lhuse  particles  gKriiKiicallv  accumulated  and  dispersed  around  Lhc 
L'VfiLrosoctte  approuiujlc-ly  every  LLH)  beetindh.  SimullanciJUj  staining 
with  Golgi  apparams-sfxicific  flmenoit  ceramide  revealed  that  the 
liiiv  parnel?*  of  KIAAdZ^l  protein  eulcptali^cd  with  the  Golgi 
apparatus.  while  this  Golgi -marker  molecule  did  not  tbdW  any 
accujnuluiLknrk-dLspeniion  cycltfii.  Treatment  of  lhc  cells  with  btvJiddin  A 
inhibited  the  periodic  nuctuaiions  coincident  with  the  disappearance  of 

Golgi  sluinmg.  l"hc  mhiic  icilratcllubf  loviili  <■  . . 

mo^ment  were  observed  wilh  slably  expressed  £  G  F> -duLbri  n  light 
diiiiik.  wlkich  is  kiumn  to  k>c  invqlvod  in  intc.iccllular  veaicuLu 
iron&port,  Chie  data  suggest  the  presence  of  s  periodic  rhythm  of  die 
iDtreedfailar  voalculnr  tianspon  nKchfluiun  Around  ihc  Golgi  jpjimrauLsi 
which  is  characterized  by  an  accumulatinn-di^pcrsicin  c>tIc  of  clalhrin 
liiihc  chain  .md  J  A  A1J  J  w  protein,  dm  data,  also  suggest  ihut 
KIAAO290  piolein  is  mvolved  in  ihc  veiieulaf  irai^pon  system  around 
iIk  Golgi  complex. 
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lkipliii*Mi  «f  VrsIdi-rcthtriiE  Fidor  pi  15  t  pm^*  Mlnh4lAchcd 
(ifilyi  Fragments  wllli  Delayed  Protein  Transparl 
V  Misutni,’  M.  Solida,  I  .  E'lkHjno,1  S.  SdSkis^iku.  Y.  Ikelsiua';  ]Lcll 
Bkdogy.  Fukuoka  Unii'ersiiy  School  of  Medicine,  Fukuoka,  rlapan, 
~2ntama]  Medicine,  Fukitoki  University  School  of  Medicine,  fukiwika, 
Japan 

I  u  maintain  tjului  inlqgrily  and  an  uidcrcd  flow  lluu-ugh  Lbt'  w.*ciclocy 
pathway,  a  pair  of  membranes  must  specifically  recognize  and 
^ubsL\|ucnl b  tusf  wilh  cuch  oilier  Golgi  must  possess  docking  and 
fusion  nvidiincni'  ^bat  a  I  low  r  Rpecatk  recopmlion  of  inenming 
naembraaea.  One  of  the  Hcdl-charactcri/cd  tethering,  protein  is  p]  IS, 
which  ef  u  periphery  I  mernbranc  prtnein  mainly  Lvaliml  to  Mf&icukir 
tubuLicr  inLennfidiate  c lust ftrs  and  [be  rjs-Golgi.  To  v.Qiniiie  lhc  role  of 
pi  15  in  Golgi  maintenance,  wc  uwd  small  inlerlerinp  R\A  in  deplete 
cellular  p]  15  m  HeU  cells,  D«plciioti  ol'pLIS  v«uscd  fragmentation  of 
lhc  ( rnlgj  HipparaliLR.  resulting  in  di^perved  di&trihulum  of  alncked  shyrt 
cistcraae  ami  a  \esicuJar  itnjclure  (nunkbckioj  Gulgi).  The  nuni- 
vleckv^l  Gnlgi  wUh  a Y-  and  fnap«  ^  organization  is  t'unclianal  in  protein 
1  pansport  land  glycasyLaiion,  although  sccretitin  lh  cofiskderably  retanled 
in  pi  1 5  knockdown  veils,  Tlje  fragmented  Golgi  funher  dismptvd 
by  treatment  wUh  brefadm  A  and  reassctitbled  inLo  Hie  mim-sLacked 
GoljjJ  by  removal  ef  the  dmp.  :ls  observed  kn  cmilrol  ecu’!.  In  addition, 
pi  15  knockdown  colls  maimained  retrograde  iransport  from  the  Golgi 
lo  the  cntkiplaHnuc  ncliculum,  iLUhou^h  lhc  rale  was  nol  so  irffivicnl 
in  cnnlual  cells.  While  cm  alteraati-un  of  micrnftubule  neLwoiks  WAS 
1 1 ■li nd  :::  pH'’  ktUXkEhiwiI  cell»,  the  IVflj.ikkL’IlEtd  Golgi  ffiHIIlbktl  IhOSC 
of  ceJL  [reeled  will]  4uiEL-iiak;Tk>l ubk.i k*  dmy.>.  Tike  ECSuk>  StiggCSt  that 
pi  15  h  Involved  in  vehicular  irdnspnrl  between  enrhipl-iMitlv  reticulum 
and  the  (iole.1,  along  wiih  microLubule  networks. 

1.42 1 

■I  t'l j  \  eilcks  Uoek  tu  Ciul^L  In  ^  ilm  in  a  Cu»Jp-dependm4 
'  RttltlJon 

S  /okiv,  I.upashin;  Physiology  and  UmpliysicH,  Univeraiiy  of 
Afkniuaa  for  Medical  ?kiences,  l  .iiilc  Rock,  AR 
OOG  complex  (foreorLBerx'ed  oligomeric  Golgi  complex  I  is  LixxiLi^od  to 
the  dshnediil  eistemK  oflhc  Golgi  apporitfits  ond  ii  is  one  of  ihc  key 
tcgiklaTOf  of  intracellular  membrane  trafficking-  GOG  complex 
proposed  funtliiin  is  to  Icthcr  retrograde  mlra^t  i'dgn  VesJckn,  <hir 
previous  KtudieK  demonstrated  Lint  iicute  depletion  of  i  ug3p  cjused 
[wcumulilioti  of  mm-telhcred  £OG  ^i.impk\-ilcpeiidehi  (CCD) 
vesicles.  Jbesc  ^csivles  ore  COt,’i  coaled  and  packed  with  both 
recycling  fiolgi  SNARFs  (C7SE  CrSi:?>  .md  pulalivc  rctnogiwlc  cargo 
receptor^  CiPGJO.  CCD  vesicles  are  likely  to  originate  from  franr.v- 
GuLgi  since  they  cutty  p-L2'K>aeeLy|g|xwQaminylt[fliiifcrei^l 
iGk-NacVl  j.  and  Minmusidase  IL  raLWrof-Gdlgi  cEL^ymas  Ifiat  are 
known  io  cycle  llirou^b  fj<jro-GLi]t|i.  Tu-  Llse  itTC'D  vcnick-R  indceii 
rapresttil  hmetional  imra'Golgi  Iranspon  imemi«KJiaics  wo  designed  a 
wed  viira  thiii  reenttAiitulc  vrndc  dsK;kin infusion  ixilli 

isnlaled  ral  liver  Golgi.  Tlie  system  ba^d  on  sedimeniatcOit  prOpcrlies 
of  Golgi  (pelleljible  jn  HktlffOxg)  and  CCD  mid?*  (iil4  pelktabk  nt 
20.i>0sg).  Both  GleNaelt-myc  and  (jPPI30  wer e  used  as  vesicle 
nyirietN  Unr  reviihs  indU^alod  thjiE  [  t'P  Vcvicla  clUciclilly  d-nek  tu 
isolated  Golgi.  Amount  of  sedimentable  vesi-rle  marker  is  proportional 
to  the  summit  ol'jddL-d  (pli'I^i  Fnembraites.  Vebide-Gulgi  ;iHK(*:ialit*i  is 
resi  scant  to  250[dM  salt  that  ibOrtiiaLly  strips  loostfly  associifed 
vesie Its.  tiidie.iling  Light  a^xiuM-on  niid’or  corilplctc  fusion,  Acceptor 
(iolgi  membranes  are  sensitive  to  proteinase  K  treatmeuL.  indiLuhni: 
rei|uiitmcti1  for  peripheral  eli ilI  < >r  li.Liisuicuihraiie  prole in>.  Indeed,  Ixrili 

Golgi  SNARE  GS28  mid  Cogjp  w<tc  completely  digested  by 
iTotcinasc  K  ircnCinctil  Most  im^rcilnlly-,  linking  blCXTI)  vtsida  is 
sensitive  to  addirion  of  anli-C:(Mi^  IgCt.  ITicsc  results  allow  us  to 
l-u:ilIijl!c  Ih.i:  t  <  Vc-oul ls  ait  tuneii-un.il  .uIU-UuIl-l  UlkilllL-dijLes 

lfoil  dwk  Lu  Gol  ni  nlcmtuanc^  iri  n  COG  cnnipk  v  di'pcmien:  renei:on 
Supported  by  griints  from  llK  (DAMt tl  T-liJI-l --IJ3.4  ? ), 
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Multiple  Rr«ionvol  IMTF'R  Gnnlribnfe  tu  GuCui  l.ncili^nlhin 

K_  Ei.  Ik,  S_  £,.  Phillips,  M.  Uoukhdifa,  V.  A.  UiiiikaiLis:  Cell  und 
IkvelLipmeiilal  lliology.  Univefsilv  nl'  Noillk  CnroEimi  al  Ghapcl  Hill, 
Chapel  Hill.  NC 
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Cog3p  depletion  blocks  vesicle-mediated  Golgi 
retrograde  trafficking  in  HeLa  cells 

Sergey  N.  Zolov  and  Vladimir  V.  Lupashin 

Department  of  Physiology  and  Biophysics,  University  of  Arkansas  for  Medical  Sciences,  Little  Rock,  AR  72205 


The  conserved  oligomeric  Golgi  (COG)  complex  is 
an  evolutionarily  conserved  multi-subunit  protein 
complex  that  regulates  membrane  trafficking  in  eu¬ 
karyotic  cells.  In  this  work  we  used  short  interfering  RNA 
strategy  to  achieve  an  efficient  knockdown  (KD)  of  Cog3p 
in  HeLa  cells.  For  the  first  time,  we  have  demonstrated  that 
Cog3p  depletion  is  accompanied  by  reduction  in  Cogl, 
2,  and  4  protein  levels  and  by  accumulation  of  COG 
complex-dependent  (CCD)  vesicles  carrying  v-SNAREs 
GS15  and  GS28  and  cis-Golgi  glycoprotein  GPP130. 
Some  of  these  CCD  vesicles  appeared  to  be  vesicular  coat 


Introduction 

The  Golgi  apparatus  is  a  hub  for  membrane  trafficking  path¬ 
ways,  organizing  both  the  anterograde  exocytic  trafficking  of 
newly  synthesized  proteins  that  travel  from  the  ER  to  the 
plasma  membrane  and  retrograde  endocytic  trafficking  of  cell 
surface  molecules  that  travel  back  to  the  ER  (for  review  see 
Shorter  and  Warren,  2002).  COP  I  coat  proteins  function  in 
intra-Golgi  trafficking  and  in  maintaining  the  normal  structure 
of  the  Golgi  complex  (Duden,  2003).  We  and  others  have  pre¬ 
viously  shown  that  the  Golgi  vesicular  coat  complex  I  (COPI)- 
modulated  membrane  trafficking  used  conserved  oligomeric 
Golgi  (COG)  vesicle  tethering  complex  (Ram  et  al.,  2002; 
Suvorova  et  al.,  2002;  Oka  et  al.,  2004). 

COG  complex  consists  of  eight  subunits  (COG1-8;  Kings¬ 
ley  et  al.,  1986;  Whyte  and  Munro,  2001;  Suvorova  et  al.,  2001, 
2002;  Ram  et  al.,  2002;  Ungar  et  al.,  2002).  A  COG  role  in 
Golgi  membrane  trafficking  was  suggested  by  biochemical 
and  genetic  studies  in  yeast  (VanRheenen  et  al.,  1998,  1999; 
Suvorova  et  al.,  2002).  Yeast  COG  complex  interacts  genetically 
and  physically  with  Rab  protein  Yptlp,  intra-Golgi  SNARE 
molecules,  as  well  as  with  COPI  (Suvorova  et  al.,  2002). 

Correspondence  to  Vladimir  Lupashin:  wlupashin@uams.edu 

Abbreviations  used  in  this  paper:  CCD,  COG  complex-dependent;  COG,  con¬ 
served  oligomeric  Golgi;  COPI,  vesicular  coat  complex  I;  GalNAc-T2,  N-acetyl- 
galactosaminyltransferase-2;  GalT-GFP,  GFP-tagged  (B  1 ,4-galactosyltransferase; 
IF,  immunofluorescence;  IP,  immunoprecipitation;  KD,  knockdown;  PDI,  protein 
disulphide  isomerase;  PNS,  post-nuclear  supernatant;  siRNA,  short  interfering 
RNA;  VSVG,  vesicular  stomatitis  virus  G  protein;  WB,  Western  blot. 


complex  I  (COPI)  coated.  A  prolonged  block  in  CCD  vesi¬ 
cles  tethering  is  accompanied  by  extensive  fragmentation 
of  the  Golgi  ribbon.  Fragmented  Golgi  membranes  main¬ 
tained  their  juxtanuclear  localization,  cisternal  organiza¬ 
tion  and  are  competent  for  the  anterograde  trafficking  of 
vesicular  stomatitis  virus  G  protein  to  the  plasma  mem¬ 
brane.  In  a  contrast,  Cog3p  KD  resulted  in  inhibition  of 
retrograde  trafficking  of  the  Shiga  toxin.  Furthermore,  the 
mammalian  COG  complex  physically  interacts  with  GS28 
and  COPI  and  specifically  binds  to  isolated  CCD  vesicles. 


Mutations  in  COG  subunits  disturb  both  structure  and 
function  of  the  Golgi  in  eukaryotic  cells  (Podos  et  al.,  1994; 
Ram  et  al.,  2002;  Suvorova  et  al.,  2002;  Ungar  et  al.,  2002; 
Farkas  et  al.,  2003),  but  the  exact  cellular  function  of  the  COG 
complex  remained  elusive.  It  was  recently  shown  that  mamma¬ 
lian  cells  that  carried  either  deletion  of  COG1  and  2  or  trun¬ 
cated  version  of  Cog7p  are  defective  in  Golgi  glycosylation 
(Wu  et  al.,  2004)  and  maintain  slightly  dilated  Golgi  cisternae 
with  reduced  levels  of  resident  proteins  GS15  and  GS28  and 
GPP  130  (Oka  et  al.,  2004).  These  mutant  phenotypes  may  reflect 
either  the  primary  COG  malfunction  or  secondary  manifestations 
that  occur  in  cells  after  a  prolonged  adaptation  period.  Deletion 
of  either  COG1  or  COG2  in  yeast  cells  is  virtually  incompati¬ 
ble  with  membrane  trafficking  and  normal  cell  growth  (Van¬ 
Rheenen  et  al.,  1998;  Ram  et  al.,  2002),  whereas  ACOG1  and 
A COG2  CHO  cells  are  not  compromised  in  growth  or  protein 
secretion.  One  possibility  is  that  the  primary  COG  deletion 
phenotype  in  these  cells  is  masked  and/or  suppressed  by  sec¬ 
ondary  mutations  in  cell  genome.  To  better  understand  the 
initial  defects  associated  with  the  COG  complex  malfunction  it 
is  important  to  acutely  interfere  with  its  activity.  Transfection 
with  small  interfering  RNAs  (siRNAs)  and  microinjection  with 
inhibitory  antibodies  are  two  efficient  methods  for  acute  protein 
knockdown  (KD)  in  mammalian  cells. 

We  rationalized  that  the  most  evolutionary  conserved 
COG  subunit  would  be  the  best  candidate  for  the  KD.  Yeast 
and  mammalian  Cogl  and  Cog2  proteins  do  not  share  significant 
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Figure  1 .  SiRNA-induced  COG3  KD  is  destabilizing  Lobe 
A  COG  complex  subunits.  (A)  Expression  of  COG  sub¬ 
units  after  COG3  KD.  WB  of  cell  lysates  from  control  and 
COG3  KD  cells.  Average  levels  of  the  COG  subunits 
(±SD,  n  =  4)  after  72  h  of  COG3  KD  were  determined 
by  quantitative  WB,  and  normalized  to  mock-transfected 
cells.  (B)  Membrane  localization  of  COG  complex  sub¬ 
units.  WB  of  membrane  (PI 00)  and  cytosol  (SI 00)  frac¬ 
tions.  (C)  Cog6p  localization.  Control  and  COG3  KD 
cells  that  stably  express  GalT-GFP  were  fixed  and  ana¬ 
lyzed  by  three-color  IF  microscopy  after  immunostaining 
with  anti-Cog6p.  DNA  was  stained  with  DAPI.  Arrows 
indicate  Golgi  or  Golgi  fragments.  Bars,  10  ixm. 
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similarities,  whereas  the  protein  sequence  of  yeast  Cog3p  is 
41%  similar  to  mammalian  Cog3p  (Suvorova  et  al.,  2001).  In 
this  work,  we  used  siRNA  strategy  for  the  efficient  KD  Cog3p 
in  HeLa  cells.  Cog3p  depletion  is  accompanied  by  reduction  in 
Cogl,  2,  and  4  protein  levels  and  rapid  accumulation  of  intra¬ 
cellular  vesicles  carrying  v-SNAREs  GS15  and  GS28  and  cis- 
Golgi  glycoprotein  GPP130.  A  prolonged  COG3  KD  induced 
extensive  Golgi  fragmentation.  Fragmented  Golgi  membranes 
were  deficient  in  retrograde  trafficking  of  the  Shiga  toxin.  Na¬ 
tive  immunoprecipitations  (IPs)  revealed  that  the  COG  com¬ 
plex  physically  interacts  with  Golgi  SNARE  molecules  and 
COPI  and  specifically  binds  to  isolated  GPP130-containing 
vesicles  in  vitro.  For  the  first  time,  we  have  demonstrated  that 
the  acute  depletion  of  the  mammalian  COG  complex  results  in 
specific  inhibition  of  tethering  of  retrograde  vesicles  and  that 
the  efficient  targeting  of  these  vesicles  is  essential  for  the  main¬ 
tenance  of  the  Golgi  structure. 

Results 

Cog3p  KD  induces  Golgi  fragmentation 

To  interfere  with  the  COG  complex  function  in  HeLa  cells  we 
depleted  Cog3p  by  using  RNA  interference  technique  (Elbashir 
et  al.,  2001).  Three  different  COG3-specific  RNA  duplexes 
were  tested  initially  and  one  of  them  (sense,  AGACUUGUG- 
CAGUUUAACA)  efficiently  induced  reduction  of  the  Cog3 
protein  level  (Fig.  1  A).  The  expression  of  other  lobe  A  COG 
subunits  Coglp,  Cog2p,  and  Cog4p  was  also  reduced  72  h  after 
COG3  KD,  whereas  protein  level  of  the  lobe  B  Cog5-8p  sub¬ 


units  remained  unchanged.  Similarly,  cellular  levels  were 
unchanged  for  other  tested  cell  proteins:  protein  disulphide 
isomerase  (PDI),  actin,  GS28,  syntaxin  5,  GPP130,  and  pi  15 
(Fig.  1  and  unpublished  data).  Cell  transfection  with  a  nonspe¬ 
cific  siRNA  did  not  change  the  levels  of  COG  subunits  expres¬ 
sion  (unpublished  data). 

Because  the  level  of  the  lobe  B  COG  subunits  was  not  af¬ 
fected  by  the  Cog3p  depletion  we  have  determined  their  in¬ 
tracellular  localization  by  both  immunofluorescence  (IF)  and 
Western  blot  (WB)  assays.  We  have  found  that  significant 
amounts  of  both  Cog5p  and  Cog8p  were  still  associated  with 
the  membrane  fraction  (Fig.  1  B).  IF  analysis  of  COG3  KD 
cells  revealed  that  Cog6p  (Fig.  1  C)  and  other  lobe  B  subunits 
(unpublished  data)  were  localized  on  large  structures  in  juxta- 
nuclear  region  that  were  colocalized  with  resident  Golgi  en¬ 
zyme  GFP-tagged  p  1,4-galactosyltransferase  (GalT-GFP;  Fig. 
1  C).  Detailed  analysis  of  COG3  KD  cells  revealed  that  both 
GalT-GFP  and  a  Golgi  tethering  factor  GM130  were  found  on 
fragmented  Golgi  membranes  (Fig.  2). 

To  test  the  specificity  of  COG3  siRNA  KD,  we  took  ad¬ 
vantage  of  the  fact  that  human  and  mouse  Cog3  proteins  show 
95%  identity  and,  therefore,  most  likely  would  functionally 
substitute  each  other.  In  the  same  time,  human  and  mouse 
COG3  siRNA  target  region  share  only  74%  of  homology  with 
five  miss-matched  nucleotides  (Fig.  3  A)  and  this  difference 
can  be  used  in  gene-replacement  siRNA  experiments  (Puthen- 
veedu  and  Linstedt,  2004).  In  good  agreement  with  our  pre¬ 
diction,  in  HeLa  cells,  that  were  cotransfected  with  both 
hCOG3  siRNA  and  the  plasmid  that  expressed  mouse  Cog3p, 
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Control  COG3  KD 


Figure  2.  Cog3p  depletion  induces  Golgi  fragmentation.  GalT-GFP  HeLa 
cells  were  transfected  with  COG3  siRNA  (right  column)  or  mock  trans¬ 
fected  (left  column).  72  h  after  transfection,  cells  were  fixed  and  pro¬ 
cessed  for  IF  with  anti-Cog3p  (COG3p  row),  and  anti-GM130  (GM130 
row)  antibodies.  The  bottom  row  represent  merged  three-color  images. 
Bars,  1 0  |xm. 


the  Golgi  fragmentation  was  completely  or  partially  pre¬ 
vented  (Fig.  3  B).  Similar  results  were  obtained  when  cells 
were  transfected  with  mCOG3 -containing  vector  24  h  after 
hCOG3  siRNA  transfection  (unpublished  data).  We  concluded 
that  the  COG3  KD  is  specific  and  that  the  Cog3p  depletion  di¬ 
rectly  induces  a  reversible  Golgi  fragmentation. 

To  independently  confirm  an  essential  role  for  the  COG 
complex  in  Golgi  structure  maintenance,  we  used  affinity- 
purified  antibodies  against  Cog3p  (Suvorova  et  al.,  2001). 
These  antibodies  were  previously  used  for  both  IF  and  IP  of 
the  endogenous  COG  complex  in  mammalian  cells  (Suvorova 
et  al.,  2001;  Ungar  et  al.,  2002).  We  rationalized  that  upon 
microinjection  into  cells  anti-Cog3p  IgGs  would  specifically 
bind  to  the  Cog3p  and  interfere  with  the  COG  complex  func¬ 
tion.  Indeed,  we  have  observed  that  4  h  after  the  antibodies 
microinjection  the  Golgi  ribbon  structure  was  converted  into 
multiple  mostly  juxtanuclear  localized  small  fragments 
(Fig.  4).  This  Golgi  phenotype  was  persistent  for  up  to  20  h 
after  antibody  microinjection  without  any  visible  signs  of  cell 
death.  Microinjection  with  control  antibodies  did  not  change 
the  morphology  of  the  Golgi  (unpublished  data).  We  have 
concluded  that  anti-Cog3p  antibodies  like  the  COG3  siRNA 
act  by  blocking  Cog3p  function,  which  is  necessary  for  the 
Golgi  structure  maintenance. 

Loss  of  Cog3p  expression  results  in 
accumulation  of  Golgi  v-SNAREs  and  cis- 
Golgi  resident  protein  GPP130  in 
nontethered  vesicles 

Detailed  IF  analysis  of  different  Golgi  resident  proteins  in 
COG3  KD  cells  revealed  that  the  majority  of  integral  and  pe¬ 
ripheral  membrane  Golgi  proteins,  including  cis-Golgi  tether¬ 
ing  factors  pi  15  (Nelson  et  al.,  1998)  and  GM130  (Nakamura 
et  al.,  1995),  cis-Golgi  t-SNARE  syntaxin  5  (Hay  et  al.,  1998), 
cis/medial  Golgi  tethering  protein  giantin  (Linstedt  and  Hauri, 
1993),  and  trans-Golgi  tether  p230  (Brown  et  al.,  2001),  were 
present  almost  exclusively  on  relatively  large  (1-3  pim  in  size) 
fragmented  Golgi  membranes  (Fig.  5  A;  unpublished  data). 


Human  COG3  183  g«ga*cttgccggtgccagctgagettcea»ttgaagacttgtgcagtttaaca 
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Figure  3 .  Mouse  COG3p  expression  partially 
suppresses  hCOG3  KD-induced  Golgi  frag¬ 
mentation.  (A)  DNA  alignment  of  a  portion  of 
the  hCOG3  and  mCOG3  sequences.  siRNA 
target  region  is  highlighted  in  the  box.  (B) 
GalT-GFP  HeLa  cells  were  either  mock  trans¬ 
fected  (control),  transfected  with  COG3  siRNA 
(COG3  KD),  or  simultaneously  transfected  with 
COG3p  siRNA  and  mCOG3-encoding  plas¬ 
mid  (COG3  KD  +mCOG3)  and  imaged  72  h 
after  transfection.  Bar,  10  jjim. 
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Figure  4.  Microinjection  of  anti-Cog3  antibodies  disrupts  Golgi  structure. 

GalT-GFP  HeLa  cells  were  microinjected  with  anti-Cog3p  IgGs  and  imaged 
immediately  (0  min)  or  4  h  (240  min)  after  the  injection.  Texas  red  was 
used  as  an  injection  marker.  Note  that  in  cells  injected  with  anti-Cog3  IgGs 
Golgi  (labeled  with  asterisks)  become  fragmented.  Microinjections  with  the 
preimmune  IgGs  did  not  result  in  Golgi  fragmentation  (date  not  depicted). 

Surprisingly,  we  have  found  that  a  subset  of  Golgi  proteins, 
intra-Golgi  v-SNAREs  GS15  (Xu  et  al.,  2002)  and  GS28  (Hay 
et  al.,  1998),  and  cis-Golgi  phosphoprotein  GPP  130  (Linstedt 
et  al.,  1997)  were  localized  preferentially  to  multiple  small  ves¬ 
icle-like  structures  distributed  throughout  the  cytoplasm  of 
Cog3p  KD  cells  (Fig.  5  B).  In  control  cells  all  these  three  pro¬ 
teins  were  primarily  localized  to  a  juxtanuclear  Golgi. 

Small  GPP  130-positive  structures  in  COG3  KD  cells  pre¬ 
sumably  represent  nontethered  vesicles,  because,  in  cells  perme- 
abilized  with  the  mild  detergent  digitonin,  these  structures  were 
efficiently  washed  away  from  cells,  whereas  large  Golgi  cistemae 
remained  inside  the  cells  (Fig.  6  A).  Similar  digitonin  sensitivity 
was  previously  observed  for  Golgi-derived  vesicles  that  are  tran¬ 
siently  accumulated  during  mitosis  (Jesch  and  Finstedt,  1998). 


To  verify  our  IF  findings  we  performed  a  subcellular 
fractionation  of  both  COG3  KD  and  mock-treated  HeFa  cells 
(Fig.  6  B).  We  have  found  that  in  COG3  KD  cells  >50%  of 
both  GPP130  and  GS28  proteins  are  present  in  a  10K  superna¬ 
tant,  whereas  in  lysates  obtained  from  control  cells  these  pro¬ 
teins  are  almost  exclusively  cofractionated  with  large  mem¬ 
branes.  Noticeably,  the  long  syntaxin  5  isoform  and  the  ER 
resident  protein  PDI  did  not  significantly  change  their  subcel¬ 
lular  distribution  in  a  COG3  KD  cells. 

To  characterize  membranes  in  10K  supernatant  we  have 
first  used  gel-filtration  analysis  on  a  Sephacryl  S-1000  column 
(Fig.  6  C).  This  analysis  revealed  that  in  COG3  KD  cells  the 
peak  of  GPP130  was  eluted  in  fractions  11  and  12,  whereas  in 
control  cells  GPP130  was  mostly  found  in  fractions  9  and  10. 
We  have  concluded  that  in  COG3  KD  cells  the  GPP130  was 
mostly  associated  with  small  vesicles. 

To  test  GPP130  localization  by  another  separation  tech¬ 
nique  we  used  a  glycerol  velocity  gradient.  Post-nuclear  super¬ 
natant  (PNS)  from  COG3  KD  cells  was  loaded  on  10-30% 
glycerol  gradient  and  membranes  were  separated  by  size  (Fig. 
6  D).  WB  analysis  of  collected  fractions  revealed  that  majority 
of  GPP  130  signal  was  peaked  in  a  vesicular  fraction  3,  whereas 
large  ER  membranes  (PDI  lane)  were  concentrated  at  the  bot¬ 
tom  of  the  gradient.  A  small  fraction  (^25%)  of  GPP  130  was 
also  found  at  the  bottom  of  the  gradient  and  may  represent  a 
fraction  of  the  protein  that  was  associated  with  large  Golgi 
fragments  or  vesicle  aggregates.  Because  these  vesicles  were 
accumulated  as  a  result  of  Cog3p  depletion,  we  have  named 
them  a  COG  complex-dependent  (CCD)  vesicles.  GPP130- 
containing  Golgi  membranes  from  identically  fractionated  con¬ 
trol  cells  were  rapidly  pelleted  to  the  bottom  of  the  glycerol 
gradient  (Jesch  and  Finstedt,  1998;  unpublished  data). 

GPP  130  is  a  heavily  glycosylated  cis-Golgi  protein  (Fin¬ 
stedt  et  al.,  1997)  that  cycles  through  trans-Golgi  and  endoso- 
mal  compartments  (Puri  et  al.,  2002)  and  rapidly  degrades  in 


Figure  5.  COG3  KD  results  in  accumulation  of  multiple 
vesicles  that  carry  v-SNAREs  GS15,  GS28,  and  cis-Golgi 
recycling  protein  GPP130.  Control  and  COG3  KD  cells 
were  fixed  72  h  after  transfection  and  analyzed  by  IF  using 
primary  antibodies  to  indicated  proteins  and  appropriate 
Alexa  488-  and  Alexa  595-conjugated  secondary  anti¬ 
bodies.  (A)  cis-Golgi  tether  pi  15,  cis/medial  Golgi 
marker  giantin,  and  trans-Golgi  tether  p230  are  present 
almost  exclusively  on  Golgi  ribbon  in  control  cells  and  on 
fragmented  juxtanuclear  Golgi  membranes  in  COG3  KD 
cells.  (B)  v-SNAREs  GS15,  GS28,  and  cis-Golgi  marker 
GPP130  are  Golgi  located  in  control  cells  and  predomi¬ 
nantly  localized  on  multiple  small  structures  distributed 
throughout  the  COG3  KD  cells.  Bars,  1  0  fxm. 
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both  ACOG1  and  A C0G2  CHO  cell  lines  (Oka  et  al.,  2004). 
We  have  found  that  both  the  protein  level  and  the  electro¬ 
phoretic  mobility  of  GPP  130  were  identical  in  both  control  and 
COG3-KD  cells.  Therefore,  it  can  be  concluded  that  in  HeLa 
cells  acute  Cog3p  depletion  did  not,  at  least  initially,  result  in 
GPP130  down-regulation  and  did  not  alter  its  glycosylation. 

To  further  analyze  the  content  of  CCD  vesicles  we  pre¬ 
pared  lysates  from  COG3  KD  and  control  cells  that  stably  ex¬ 
press  GFP-tagged  A-acetylgalactosaminyltransferase-2  (Gal- 
NAc-T2).  Both  lysates  were  subjected  to  glycerol  velocity 
gradient  centrifugation,  membranes  from  vesicle  peak  fractions 
3  and  4  were  concentrated  and  relative  concentrations  of  Golgi 
and  ER  proteins  were  assessed  by  WB  (Fig.  6  E).  In  an  agree¬ 
ment  with  our  IF  data,  we  have  found  that  in  COG3  KD  cells 
the  amount  of  GPP  130  in  the  CCD  vesicle  pool  was  increased 
by  approximately  fourfold.  The  concentrations  of  two  other 
Golgi  proteins,  GS28  and  GalNAc-T2-GFP  were  also  increased 
by  approximately  twofold,  whereas  the  amount  of  ER  marker 
PDI  remained  unchanged.  Small  but  detectable  amounts  of 
GPP130,  GS28,  and  GalNAc-T2  in  vesicular  fractions  prepared 
from  control  cells  may  represent  a  constitutive  pool  of  recy¬ 
cling  vesicles. 

We  also  tested  whether  accumulated  CCD  vesicles  could 
be  recognized  by  the  COG  complex  in  vitro.  The  COG  com¬ 
plex  was  purified  from  HeLa  cells  that  transiently  express 
YFP-Cog3p  (Suvorova  et  al.,  2001).  Protein  G- Agarose  beads 
loaded  with  the  COG  complex  were  incubated  with  PNS  frac¬ 
tion  obtained  from  the  COG3  KD  cells.  As  a  positive  control 
for  vesicle  binding  we  used  beads  loaded  with  anti-GS15  anti¬ 
bodies  and  as  a  negative  control  for  nonspecific  binding  we 
used  protein  G-Agarose  beads.  As  expected,  anti-GS15  beads 
efficiently  pulled  down  GPP130-containing  (Fig.  6  F,  GS15 
lane)  and  GS28-containing  (unpublished  data)  vesicles.  Im¬ 
portantly,  the  COG  beads  were  also  capable  to  precipitate 
GPP130-containing  CCD  vesicles  (Fig.  6  F,  compare  lanes 
COG  and  control).  We  have  concluded  that  CCD  vesicles  may 
directly  bind  to  the  COG  complex  and  this  interaction  may  be  a 
fist  step  in  vesicle  tethering  to  the  cis-Golgi. 

Results  of  the  subcellular  fractionation  experiments  con¬ 
firmed  the  IF  data  that  showed  accumulation  of  CCD  vesicles 
in  COG3  KD  cells.  It  also  raised  an  intriguing  possibility  that 
not  only  recycling  SNARE  proteins  and  GPP  130,  but  also 
Golgi  resident  proteins  like  GalNAc-T2  may  recycle  in  the 
COG  complex-dependent  manner.  To  test  this  hypothesis,  we 
used  HeLa  cells  that  stably  express  VSV-tagged  GalNAc-T2. 
It  was  shown  previously  that  unlike  the  GFP-tag  the  small 
VSV-tag  does  not  interfere  with  the  GalNAc-T2  folding,  func¬ 
tion  and  localization  (Storrie  et  al.,  1998).  Double  IF  labeling 
experiments  revealed  that  the  vesicular  pool  of  GalNAc-T2- 
VSV  increased  significantly  in  COG3  KD  cells  (Fig.  6  G). 
In  the  same  time,  vesicularization  of  GalNAc-T2-containing 
Golgi  region  was  not  as  dramatic  as  for  GPP130-containing 
membranes  and  only  a  few  vesicular  profiles  were  double  la¬ 
beled  with  both  Golgi  markers.  This  may  reflect  different  ki¬ 
netics  of  GPP  130  and  GalNAc-T2  recycling  as  well  as  a  possi¬ 
bility  that  different  Golgi  proteins  may  cycle  in  different 
membrane  carries. 


Does  accumulation  of  CCD  vesicles  occur  before  or  after 
COG3  KD-induced  Golgi  fragmentation?  To  answer  this  ques¬ 
tion  we  analyzed  COG3  KD  cells  every  12  h  after  the  initial 
COG3  siRNA  transfection.  We  have  found  that  48  h  after 
transfection  both  GS15  (Fig.  7)  and  GPP130  (unpublished 
data)  were  mostly  found  in  CCD  vesicles,  whereas  overall 
Golgi  structure  labeled  with  GalT-GFP  has  not  yet  been  dis¬ 
turbed  in  a  subpopulation  of  the  COG3  KD  cells.  These  data 
support  the  idea  that  accumulation  of  CCD  vesicles  may  occur 
independently  and  before  the  Golgi  fragmentation. 

Fragmented  Golgi  membranes  are 
capable  in  supporting  anterograde  but 
not  retrograde  protein  trafficking 

Although  siRNA-induced  COG3  KD  induced  both  accumula¬ 
tion  of  CCD  vesicles  and  Golgi  fragmentation,  cells  were  able 
to  multiply  and  their  growth  rate  was  not  severely  affected 
(unpublished  data).  Moreover,  fragmented  Golgi  membranes 
maintained  their  juxtanuclear  localization  (Fig.  5  A).  Detailed 
IF  analysis  revealed  that  cis-Golgi  pi  15  (Nelson  et  al.,  1998), 
and  the  medial  Golgi  GalNAc-T2  (Storrie  et  al.,  1998),  main¬ 
tained  their  overlapping  but  distinct  distribution  on  both  con¬ 
trol  Golgi  ribbon-like  structure  and  Golgi  fragments  in  COG3 
KD  cells  (Fig.  8  A,  GalNacT2/pll5  frames).  Similarly,  local¬ 
ization  of  two  medial  Golgi  proteins  GalNAcT2  and  giantin 
(Linstedt  and  Hauri,  1993)  almost  completely  overlapped  in 
both  control  and  COG3  KD-treated  cells  (Fig.  8  A,  GalNacT2/ 
Giantin  frames).  And  finally  trans-Golgi  localized  p230  (Brown 
et  al.,  2001)  maintained  its  relative  localization  in  COG3  KD 
cells  (Fig.  8  A,  GalNacT2/p230  frames).  We  concluded  that 
Cog3p  KD  resulted  in  Golgi  fragmentation  into  multiple  mini- 
Golgi  stacks. 

To  confirm  this  conclusion  the  EM  analysis  of  control 
and  COG3  KD  cells  (Fig.  8)  was  performed.  We  found  that  in 
COG3  KD  cells  Golgi  ribbon  was  disrupted  onto  multiple  frag¬ 
ments,  comprising  three  to  four  stacked  cistemae  (Fig.  8  B,  ii). 
In  addition  to  the  Golgi  fragments,  a  large  number  of  ^60-nm 
vesicles  were  observed  in  COG3  KD  cells  (Fig.  8  B,  iii).  Thus, 
Cog3p  depletion  leads  to  both  vesiculation  of  Golgi  and  break 
up  of  the  ribbon  to  multiple  mini- stacks. 

To  test  whether  these  Golgi  mini-stacks  can  support 
two  basic  Golgi  functions,  anterograde  and  retrograde  proteins 
flow,  we  used  GFP-tagged  vesicular  stomatitis  virus  G  protein 
(VSVG)  as  a  cargo  marker  for  anterograde  protein  trafficking 
(Suvorova  et  al.,  2001)  and  Cy 3 -labeled  subunit  B  of  the  Shiga 
toxin  (STB-Cy3)  as  a  marker  for  the  retrograde  trafficking  (Jo¬ 
hannes  et  al.,  1997). 

2  d  after  siRNA  treatment  both  control  and  COG3  KD 
cells  were  transfected  with  the  vector  that  directs  synthesis  of 
the  temperature-sensitive  VSVG-GFP  protein  (Beckers  et  al., 
1987).  VSVG  was  accumulated  in  the  ER  for  16  h  at  the  re¬ 
strictive  temperature  (39.5°C).  After  that  cells  were  transferred 
to  the  permissive  temperature  (32°C)  to  allow  VSVG  to  travel 
toward  plasma  membrane  and  fixed  2  h  later.  This  time  frame 
is  sufficient  for  VSVG  delivery  from  the  ER  to  PM  in  HeLa 
cells  (Suvorova  et  al.,  2001).  Indeed,  we  have  observed  that  the 
majority  of  both  control  and  COG3  KD  cells  accumulated  sig- 
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Control  COG3  KD 


Figure  6.  Characterization  of  CCD  vesicles.  (A)  Apparent  release  of  GPP1  30-containing  vesicles  upon  digitonin  permeabilization.  Control  or  COG3  KD 
cells  were  either  treated  with  buffer  (—digitonin)  or  treated  with  0.04  mg/ml  digitonin,  fixed,  and  analyzed  by  IF.  Note  that  disperse  vesicle-like  staining 
of  GPP1  30  in  COG3  KD  cells  was  eliminated  after  digitonin  treatment.  Bars,  1  0  |xl.  (B)  WB  analysis  of  total  cell  lysates  and  subcellular  fractions  prepared 
from  COG3  KD  and  mock-treated  HeLa  cells.  Cell  lysates  were  fractionated  on  heavy  membranes  (P 1 0)  and  light  vesicle-containing  fraction  (S10).  Equal 
amount  of  protein  (10  pug)  was  loaded  per  lane  and  analyzed  by  WB  with  antibodies  to  GPP130,  GS28,  syntaxin  5,  and  PDI.  A  portion  of  marker 
proteins  that  was  found  in  a  vesicular  fraction  (n  =  2)  was  determined  by  semi-quantitative  WB.  (C)  Separation  of  GPP1  30-containing  membranes  by  gel 
filtration.  PNS  from  both  control  and  COG3  KD  cells  was  loaded  on  a  Sephacryl  S-1,000  column;  0.5-ml  fractions  were  collected  and  analyzed  by 
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nificant  amounts  of  VSVG  on  the  cell  surface  (Fig.  8  C, 
merged  images,  arrowheads).  Some  VSVG  was  also  found  on 
GS28-positive  Golgi  membranes  in  control  cells  and  on  Golgi 
fragments  in  COG3  KD  cells.  In  COG3  KD  cells  the  major 
pool  of  GS28  was  localized  on  VSVG-negative  CCD  vesicles 
(Fig.  8  C,  inset). 

Detailed  analysis  of  >200  VSVG-GFP-positive  cells  re¬ 
vealed  some  minor  trafficking  defects  and/or  kinetic  delays  in 
the  ER-PM  delivery  of  VSVG  in  COG3  KD  cells  (Fig.  8  D). 
Significantly,  more  cells  in  a  control  group  demonstrated  com¬ 
plete  delivery  of  VSVG  to  the  plasma  membrane  (22%  vs.  6% 
in  COG3  KD  cells)  and  twice  as  many  cells  in  the  COG3  KD 
group  accumulated  VSVG  in  the  ER  (16%  vs.  7%  in  COG3  KD 
cells).  Nevertheless,  because  the  absolute  majority  (84%)  of  the 
COG3  KD  cells  were  able  to  deliver  at  least  some  VSVG  mole¬ 
cules  to  the  cell  surface,  we  concluded  that  fragmented  Golgi  is, 
at  least  partially,  competent  to  support  anterograde  protein  traf¬ 
ficking.  This  result  is  in  agreement  with  previous  findings 
(Ram  et  al.,  2002;  Suvorova  et  al.,  2002;  Bruinsma  et  al.,  2004) 
that  demonstrate  the  COG  complex  defects  in  yeast  cells  do  not 
interfere  directly  with  the  anterograde  protein  trafficking. 

To  investigate  if  Cog3p-depleted  Golgi  mini-stacks  can 
function  in  retrograde  plasma  membrane  to  ER  protein  traffick¬ 
ing  we  have  analyzed  STB-Cy3  trafficking  by  using  fluores¬ 
cent  live  cell  microscopy.  In  agreement  with  the  data  obtained 
in  many  different  labs  (Sandvig  et  al.,  1994;  Johannes  et  al., 
1997)  STB  was  rapidly  internalized.  In  the  majority  of  control 
cells  STB  signal  was  detected  in  juxtanuclear  region  2  h  after 
beginning  of  initial  internalization  (Fig.  8  E).  In  control  cells 
12  h  later  STB  was  entirely  distributed  between  the  ER  and  the 
Golgi  cistemae,  marked  by  GalNAc-T2-GFP,  (Fig.  8  F,  control 
row).  In  the  COG3  KD  cells,  even  at  the  12  h  time  point,  the 
majority  of  internalized  STB  was  localized  in  punctuate  struc¬ 
tures  on  cell  periphery  (Fig.  8  F,  COG3  KD  row).  Some  STB 
was  detected  in  a  perinuclear  region  of  transfected  cells  but 
these  STB -labeled  membrane  structures  were  clearly  distinct 
from  the  GalNAc-T2-GFP-containing  Golgi  fragments.  None 
of  the  STB  was  detected  in  the  ER  of  COG3  KD  cells  (Fig.  8,  E 
and  F,  ER  frames)  indicating  that  retrograde  trafficking  through 
the  Cog3 -depleted  Golgi  was  blocked. 

COG  complex  physically  interacts  with 
the  Golgi  SIMARE  molecules  and  the  COP  I 
vesicular  coat 

We  have  previously  demonstrated  that  the  yeast  COG  complex 
regulates  intra-Golgi  retrograde  trafficking  and  interacts  with  the 
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Figure  7.  Accumulation  of  CCD  vesicles  precedes  COG3  KD-induced 
Golgi  fragmentation.  Control  or  COG3  KD  cells  that  stably  express  GalT- 
GFP  were  fixed  48  h  after  siRNA  transfection  and  stained  with  anti-GS15 
and  secondary  antibodies  conjugated  with  Alexa  594.  Images  were 
acquired  with  63 X  objective  and  deconvolved.  Note  that  the  Golgi  (arrows) 
has  not  yet  been  fragmented  in  a  subpopulation  of  the  COG3  KD  cells, 
whereas  the  majority  of  GS15  was  associated  with  multiple  CCD  vesicles. 
Bar,  1  0  |xm. 


essential  components  of  core  machinery  of  vesicular  Golgi  traf¬ 
fic,  i.e.,  intra-Golgi  SNARE  proteins  and  COPI  vesicular  coat 
(Suvorova  et  al.,  2002).  To  test  if  the  mammalian  COG  complex 
may  also  interact  with  both  SNARE  and  COPI  components,  we 
isolated  Golgi  from  the  rat  liver  and  performed  an  IP  of  the  COG 
complex,  v-SNARE  GS28,  and  PDI  from  detergent- solubi¬ 
lized  membranes.  WB  analysis  of  coIP  proteins  revealed  that 
both  GS28  (^5%  from  total)  and  small  amounts  of  t-SNARE 
Syntaxin5  were  coprecipitated  with  the  Cog3p  (Fig.  9  A,  lane  1; 
unpublished  data).  It  was  previously  shown  that  Syntaxin5  and 
GS28  form  a  Golgi-localized  SNARE  complex  (Hay  et  al., 
1997)  and  our  findings  suggest  that  the  COG  complex  can  inter¬ 
act  with  either  individual  SNARE  proteins  or  with  the  entire 
SNARE  core  complex.  In  the  reciprocal  precipitation,  Cog3p 
was  coIP  by  anti-GS28  antibodies  (Fig.  9  A,  lane  4).  Neither 
Cog3p  nor  the  Golgi  SNARE  molecules  were  precipitated  with 
control  beads  (Fig.  9  A,  lane  3).  We  have  also  determined  that 
the  |3  subunit  of  the  COPI  coat  was  specifically  precipitated  with 
anti-Cog3p  antibodies  (Fig.  9  B,  lane  2).  These  results  indicated 
that  the  mammalian  COG  complex  like  its  yeast  homologue 


semi-quantitative  WB.  (D)  Distribution  of  GPP1  30  and  PDI  on  a  velocity  gradient.  PNS  from  the  COG3  KD  cells  was  loaded  on  a  1 0-30%  glycerol  gradient. 
GPP1  30  and  PDI  were  analyzed  in  fractions  by  semi-quantitative  WB.  Fraction  1  corresponds  to  the  top  of  the  gradient.  (E)  Analysis  of  CCD  vesicle  fraction. 
Fractions  3  and  4  from  the  glycerol  gradient  were  concentrated  by  ultracentrifugation.  Relative  concentrations  of  Golgi  and  ER  proteins  were  analyzed  by 
WB  as  described  in  Materials  and  methods.  (F)  CCD  vesicles  specifically  bind  to  the  COG  complex  in  vitro.  PNS  from  COG3  KD  cells  was  incubated  with 
control  beads,  with  beads  loaded  with  the  COG  complex  (COG),  or  with  anti-GSl  5  IgGs  (a-GSl  5).  Precipitates  were  analyzed  by  WB  with  anti-GPPl  30 
IgGs.  (G)  Accumulation  of  GalNAcT2  in  CCD  vesicles.  Control  or  COG3  KD  cells  that  stably  express  GalNAcT2-VSV  were  fixed  and  stained  with  mAbs 
to  GPP130  or  polyclonal  anti-VSV-tag  and  secondary  antibodies  conjugated  with  Alexa  594  (GalNAc-T2-VSV)  or  Alexa  488  (GPP130)  as  described  in 
Materials  and  methods.  DNA  was  stained  with  DAPI.  Images  were  acquired  with  63 X  objective  and  deconvolved.  Double  IF  labeling  revealed  that  the 
vesicular  pool  of  GalNAc-T2-VSV  increased  significantly  in  COG3  KD  cells.  Note  that  some  vesicular  profiles  were  double-labeled  with  both  Golgi 
markers  (insets).  Bar,  10  |xm. 
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Figure  8.  Golgi  in  COG3  KD  cells  is  disrupted  to  mini-stacks,  which  are  proficient  in  anterograde  VSVG  delivery  to  plasma  membrane  and  defective  in 
retrograde  trafficking  of  Shiga  toxin  B  subunit.  (A)  Control  and  COG3  KD  cells  that  stably  express  GalNAcT2-GFP  were  fixed  and  stained  with  anti-pl  1 5,  anti- 
giantin,  or  anti-p230  antibodies  and  secondary  antibodies  conjugated  with  Alexa  594.  DNA  was  stained  with  DAPI.  Images  were  acquired  with  lOOx 
objective  and  deconvolved.  Bar,  10  (Jim.  (B)  Ultrastructural  analysis  of  Golgi  in  COG3  KD  cells.  Electron  micrographs  of  the  juxtanuclear  region  in  control  (i) 
and  COG3  KD  (ii  and  iii)  cells.  Note  the  Golgi  mini-stack  in  ii  and  multiple  60-nm  vesicles  in  COG3  KD  cells  (ii  and  iii,  arrows).  G,  Golgi;  M,  mitochondria; 
N,  nucleus;  ER,  endoplasmic  reticulum.  Bars,  1  (xm.  (C)  Control  and  COG3  KD  cells  were  transfected  with  the  VSVG-GFP-ts045  vector.  VSVG  was  accu¬ 
mulated  in  the  ER  for  16  h  at  39.5°C.  After  that  cells  were  transferred  to  32°C,  incubated  for  2  h,  fixed,  and  processed  for  IF  with  anti-GS28  antibodies. 
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could  physically  interact  with  both  vesicular  and  Golgi-localized 
components  of  membrane  transport  machinery. 

IF  experiments  indicated  that  CCD  vesicles  are  distinct 
from  both  ER  (Fig.  9  D)  and  early  endosomes  (Fig.  9  E).  To 
test  whether  CCD  vesicles  are  COPI-coated  we  performed  dou- 
ble-IF  in  COG3  KD  VSVG-GFP  expressing  cells  (Fig.  9  C).  A 
number  of  vesicle  profiles  were  labeled  with  CCD  vesicle 
marker  GS15  and  some  were  colabeled  with  antibodies  against 
the  epsilon  subunit  of  COPI  coat  (Fig.  9  C,  inset,  arrowheads). 
In  contrast,  VSVG  was  colocalized  with  the  GS15  only  on  a 
fragmented  Golgi  membrane  (Fig.  9  C,  inset,  membranes 
marked  with  an  asterisk).  These  data  indicated  that  CCD  vesi¬ 
cles  do  not  carry  anterograde  cargo  molecules  and  most  likely 
represent  COPI-coated  retrograde  intra-Golgi  vesicles  that  bud 
from  distal  Golgi  compartments  and  subsequently  tether  to  the 
cis-Golgi  in  a  COG  complex-dependent  manner. 

Discussion 

Although  both  genetic  and  biochemical  analysis  indicated  that 
the  COG  complex  primarily  regulates  retrograde  intra-Golgi 
membrane  trafficking  in  budding  yeast  (Ram  et  al.,  2002;  Su¬ 
vorova  et  al.,  2002),  the  cellular  role  of  the  mammalian  COG 
complex  is  less  clear.  COG  has  been  implicated  in  the  antero¬ 
grade  intra-Golgi  trafficking  (Walter  et  al.,  1998),  ER  to  Golgi 
protein  delivery  (Loh  and  Hong,  2002),  gly coconjugate  synthe¬ 
sis,  intracellular  protein  sorting,  and  protein  secretion  (Kings¬ 
ley  et  al.,  1986;  Chatterton  et  al.,  1999;  Wu  et  al.,  2004).  The 
most  evolutionary  conserved  COG  subunits  bear  21-23%  iden¬ 
tity  between  yeasts  and  humans  (Whyte  and  Munro,  2002). 
Therefore,  it  is  hard  to  make  any  functional  predictions  that  are 
simply  based  on  protein  similarities. 

In  this  study,  we  report  that  the  acute  depletion  of  the 
Cog3p  subunit  of  the  human  COG  complex  results  in  accumu¬ 
lation  of  nontethered  transport  vesicles,  dramatic  changes  in 
overall  Golgi  structure  and  block  of  Shiga  toxin  retrograde  traf¬ 
ficking.  We  have  also  obtained  microscopic  evidences  that  in 
COG3  KD  cells  the  fragmented  Golgi  maintains  its  cisternal 
organization  and  that  these  Golgi  mini-stacks  are  capable,  at 
least  partially,  to  support  anterograde  protein  delivery  from  the 
ER  to  the  plasma  membrane.  Finally,  our  data  suggest  that  the 
COG  complex  can  directly  interact  with  the  CCD  retrograde 
vesicles  via  binding  to  both  vesicular  COPI  coat  and  integral 
components  of  vesicular  SNARE  machinery. 

The  COG3  KD  differentially  influences  the  protein  level 
of  other  COG  subunits.  Although  the  level  of  Coglp,  Cog2p, 
and  Cog4p  is  reduced  more  than  twofold,  the  expression  of  the 


other  four  subunits  is  not  affected.  Moreover  Cog5-8p  continue 
to  localize  properly  to  membranes  in  a  juxtanuclear  region. 
These  data  support  our  original  model  proposing  two-lobed 
COG  complex  structure  (Ungar  et  al.,  2002;  Loh  and  Hong, 
2004)  and  suggests  that  Lobe  B  (COGs  5-8)  may  be  attached 
to  the  Golgi  membrane  by  its  own  receptor. 

COG3  KD-induced  Golgi  fragmentation  is  specific  and  re¬ 
versible  because  either  simultaneous  or  subsequent  introduction 
of  the  mouse  siRNA-insensitive  version  of  the  Cog3p  is  able  to 
restore  a  wild-type  Golgi  appearance.  We  have  also  demon¬ 
strated  that  the  disruption  of  the  Golgi  structure  is  observed  in 
cells  microinjected  with  anti-Cog3p  IgGs.  The  most  likely  ex¬ 
planation  of  this  phenomenon  is  that  the  antibody  microinjection 
induces  the  proteolytic  degradation  of  the  Cog3p  similarly  to  the 
recently  described  antibody-induced  degradation  of  the  Golgi 
tethering  factor  pi  15  (Puthenveedu  and  Linstedt,  2001). 

Observed  Golgi  fragmentation  phenotype  induced  by  the 
COG3  KD  is  distinct  from  the  Golgi  appearance  in  ACOG1 
and  A COG2  CHO  cells  (Ungar  et  al.,  2002)  and  indicate  that 
the  acute  COG3  KD,  at  least  transiently,  disrupts  normal  struc¬ 
tural  organization  of  the  Golgi  complex.  In  the  majority  of 
COG3  KD  cells  fragmented  Golgi  membranes  retain  their  jux¬ 
tanuclear  localization  and  their  cisternal  organization  appear  to 
be  normal  both  at  the  light  microscopy  and  the  EM  levels.  The 
Golgi  mini-stacks  are  capable  to  carry  out  a  plasma  membrane 
delivery  of  VSVG,  though  with  reduced  efficiency  compared 
with  a  normal  Golgi  apparatus.  This  observation  sharply  differs 
from  the  effect  of  pi  15  KD  on  VSVG  trafficking  (Puthenveedu 
and  Linstedt,  2004);  it  may  reflect  different  roles  of  two 
cis-Golgi  localized  tethering  factors  in  membrane  trafficking. 
Moreover,  in  COG3  KD  cells  pi  15  is  properly  expressed  (un¬ 
published  data)  and  its  localization  on  the  Golgi  membranes  is 
virtually  undisturbed.  Only  a  small  fraction  of  the  COG3  KD 
cells  accumulates  VSVG  in  the  ER.  These  results  agree  with 
our  previous  data  that  yeast  COG  mutants  do  not  show  any  pri¬ 
mary  anterograde  trafficking  defects  (Suvorova  et  al.,  2002) 
and  that  protein  secretion  in  both  ACOG1  and  A COG2  CHO 
cells  is  not  compromised  (Kingsley  et  al.,  1986). 

Specific  vesicle  accumulation  is  a  most  striking  pheno¬ 
type  observed  after  the  COG3  KD.  These  CCD  vesicles  seem 
to  carry  at  least  two  different  Golgi  SNARE  molecules,  GS15 
and  GS28,  and  GPP130,  a  130-kD,  cis-Golgi  protein  that  con¬ 
tinuously  cycle  between  the  early  Golgi  and  distal  compart¬ 
ments  (Linstedt  et  al.,  1997).  Significantly,  it  has  been  shown 
that  these  proteins  are  rapidly  degraded  in  both  ACOG1  and 
ACOG2  CHO  cells  (Oka  et  al.,  2004).  The  most  likely  expla¬ 
nation  is  that  after  the  acute  COG3  KD,  all  three  markers  are 


Both  control  and  COG3  KD  cells  accumulated  VSVG-GFP  on  the  cell  surface  (merged  images,  arrows).  Some  VSVG  was  also  found  on  GS28-positive  Golgi 
membranes  in  control  cells  and  on  juxtanuclear  Golgi  fragments  in  COG3  KD  cells.  The  major  pool  of  GS28  was  localized  on  a  VSVG-GFP-negative  CCD  ves¬ 
icles  in  COG3  KD  cells  (inset).  Bar,  1 0  ixm.  (D)  ^4  00  cells  in  both  control  and  COG3  KD  samples  were  analyzed  and  each  cell  was  assigned  in  specific  group 
bases  on  VSVG  localization  profile.  PM,  VSVG  localized  only  on  the  plasma  membrane;  PM+Golgi,  VSVG  localized  mostly  on  the  plasma  membrane,  but  par¬ 
tially  (<30%)  on  the  Golgi;  Golgi+PM,  VSVG  localized  on  the  plasma  membrane,  but  mostly  on  the  Golgi;  and  ER+Golgi,  accumulation  of  the  VSVG  in  the 
ER.  All  images  were  acquired  with  63 X  objective  and  deconvolved.  (E)  Retrograde  trafficking  of  STB-Cy3.  Control  and  COG3  KD  cells  that  stably  express  GalT- 
GFP  were  pulse  incubated  with  the  STB-Cy3  as  described  in  Materials  and  methods  and  STB  was  allowed  to  internalize  for  2  h.  Cells  were  fixed  and  ER  was 
visualized  with  ER-Tracker.  Note  that  majority  of  STB  in  control  cells  reached  the  Golgi  (arrows),  whereas  in  COG3  KD  cells  the  STB-Cy3  signal  was  detected 
only  on  cell  periphery.  Bars,  10  (xm.  (F)  Same  as  in  E,  except  GalNAc-T2-GFP  HeLa  cells  were  used  and  STB-Cy3  was  internalized  for  12  h.  Bars,  10  (xm. 
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Figure  9.  The  COG  complex  interacts  with 
retrograde  Golgi  SNARE  GS28  and  0-COPI. 

(A  and  B)  Protein  complexes  from  detergent- 
solubilized  rat  liver  Golgi  were  IP  using  anti- 
Cog3p  (A,  lane  1;  B,  lane  2),  anti-GS28  (A, 
lane  4),  preimmune  IgGs  (A,  lane  3),  or  anti- 
PDI  (B,  lane  3).  10%  of  the  Golgi  lysates  were 
loaded  as  a  control  (A,  lane  2;  B,  lane  1). 
Note  that  Cog3p,  GS28,  and  (3-COPI  were 
not  recovered  with  control  beads  or  beads 
loaded  with  anti-PDI  antibodies  (A,  lane  3;  B, 
lane  3).  (C)  CCD  vesicles  are  partially  COPI 
coated  and  do  not  carry  VSVG.  COG3  KD 
cells  that  express  VSVG-GFP  were  fixed  and 
processed  for  IF  with  mouse  anti-GS15  anti¬ 
bodies  and  rabbit  anti-e-COPI  antibodies  as 
described  in  Materials  and  methods.  All  im¬ 
ages  were  acquired  with  63  X  objective  and 
deconvolved.  Note  that  a  number  of  GS15- 
labeled  CCD  vesicles  were  colabeled  with 
antibodies  to  e-COPI  coat  (inset,  arrowheads). 
VSVG  was  partially  colocalized  with  the 
GS1 5  only  on  a  fragmented  Golgi  membrane 
(inset,  membranes  labeled  with  asterisk),  but 
not  on  CCD  vesicles.  Bar,  10  fxm.  (D)  CCD 
vesicles  do  not  significantly  colocalize  with  the 
ER.  COG3  KD  cells  were  fixed  and  stained 
with  rabbit  anti-Sec61p  (red)  and  mouse  anti- 
GS15  IgGs  (green).  Bar,  10  |xm.  (E)  CCD 
vesicles  are  distinct  from  early  endosomes. 
COG3  KD  cells  were  fixed  and  stained  with 
rabbit  IgGs  to  GPP130  (red)  and  mouse  anti- 
EEA1  IgGs  (green).  Bar,  10  (Jim. 
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transiently  accumulated  in  nontethered  recycling  vesicles  that 
are  rapidly  degraded.  We  have  found  that  90  h  after  COG3  KD 
the  protein  level  of  both  GPP  130  and  GS28  was  decreased  (un¬ 
published  data).  A  number  of  Golgi  resident  proteins,  includ¬ 
ing  MG160  (Johnston  et  al.,  1994),  GP73  (Puri  et  al.,  2002), 
GlcNAc  T-l,  and  a- 1,2  mannosidase  II  (Opat  et  al.,  200 1  a, b) 
are  shown  to  cycle  through  the  trans-Golgi  region.  The  predic¬ 
tion  is  that  in  COG3  KD  cells  all  these  proteins  will,  at  least 
transiently,  be  accumulated  in  CCD  vesicles. 

What  is  the  origin  of  CCD  vesicles?  IF  data  indicated  that 
the  major  pool  of  CCD  vesicle  is  clearly  distinct  from  both  ER 
and  early  endosomes.  Some  of  CCD  vesicles  are  likely  to  origi¬ 
nate  from  the  trans-Golgi  because  both  GS28  and  GS15  are 
SNARE  molecules  that  function  in  the  intra-Golgi  trafficking 
(Xu  et  al.,  2002;  Volchuk  et  al.,  2004).  Alternatively,  some  CCD 
vesicles  could  originate  from  TGN/sorting  endosomal/recycling 
compartments.  GPP  130  was  shown  to  cycle  through  the  trans- 
Golgi/early  endosomal  membranes  (Linstedt  et  al.,  1997)  and 


both  GS28  and  GS15  could  participate  in  the  early  endosomal 
SNARE  complex  (Tai  et  al.,  2004).  Current  models  of  Golgi  traf¬ 
ficking  involving  cisternal  maturation  (Pelham,  2001)  predict  that 
all  Golgi  residents  move  down  the  stack  to  the  late  Golgi.  Indeed, 
a  number  of  cis-Golgi  residents  in  both  yeast  (Harris  and  Waters, 
1996)  and  mammalian  cells  (Johnston  et  al.,  1994;  Bachert  et  al., 
2001;  Opat  et  al.,  2001a)  have  been  shown  to  rapidly  acquire  spe¬ 
cific  modifications  of  the  late  Golgi.  The  rapid  rate  of  trans-Golgi 
modifications  (Opat  et  al.,  2001a)  and  relatively  slow  rate  of  the 
recycling  through  the  ER  (Miles  et  al.,  2001)  suggest  that  cis-  and 
medial- Golgi  resident  proteins  are  recycled  directly  from  the 
trans-Golgi  and/or  TGN  to  the  corresponding  early  Golgi  com¬ 
partment.  The  COG  complex  localizes  on  cis/medial  Golgi  mem¬ 
branes  (Suvorova  et  al.,  2001;  Ungar  et  al.,  2002)  and  most  likely 
regulates  recycling  of  different  resident  Golgi  proteins.  We  and 
others  have  shown  that  mutations  in  y COG3  resulted  in  abnormal 
Golgi  recycling  of  yeast  Golgi  proteins  Sec22p  and  Ochlp 
(Suvorova  et  al.,  2002;  Bruinsma  et  al.,  2004). 
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CCD  carriers  are  most  likely  to  be  formed  in  a  COPI- 
dependent  reaction.  COPI  vesicles  bud  from  all  Golgi  cisternae 
and  COPI  is  required  for  intra-Golgi  transport  in  vitro  (Orci  et 
al.,  1997).  In  the  in  vitro  assay,  Golgi  resident  proteins  man- 
nosidase  II  and  GS28,  were  found  to  be  concentrated  in  COPI 
vesicles  (Lanoix  et  al.,  1999,  2001),  and  these  transport  inter¬ 
mediates  were  able  to  fuse  with  cis-Golgi  compartment  (Love 
et  al.,  1998).  The  COG  complex  is  a  good  candidate  to  orches¬ 
trate  COPI  vesicle  tethering.  Indeed,  genetic  and  biochemical 
connections  between  yeast  COG  and  COPI  complexes  (Ram  et 
al.,  2002;  Suvorova  et  al.,  2002)  have  been  shown.  Oka  et  al. 
(2004)  reported  recently  that  synthetic  phenotypes  arose  in 
mutants  deficient  in  both  epsilon-COPI  and  either  COG1  or 
COG2.  During  the  investigation,  we  have  found  significant  ac¬ 
cumulation  of  COPI-positive  vesicular  profiles  in  COG3  KD 
cells  (unpublished  data)  and  demonstrated  that  some  of  these 
vesicles  are  double-labeled  with  the  CCD  vesicle  cargo  GS15. 
Finally  we  have  shown  that  the  COG  complex  binds  to  CCD 
vesicles  in  vitro  and  could  be  coIP  with  the  (3-COPI. 

In  conclusion  we  propose  a  model  (Fig.  10)  in  which  the 
cis-Golgi  localized  COG  complex  acts  as  a  tether  for  retro¬ 
grade  COPI  coated  CCD  vesicles  that  originate  from  distal 
trans-Golgi/endosomal  compartments.  The  acute  COG3  KD 
and  corresponding  defects  in  the  Lobe  A  of  the  COG  complex 
discontinue  normal  vesicle  recycling.  Non-tethered  vesicles 
are  transiently  accumulated  in  cell  cytoplasm  as  membrane- 
depleted  Golgi  ribbon  is  fragmented  in  multiple  Golgi  mini¬ 
stacks.  Detailed  biochemical  analysis  of  CCD  vesicles  and  the 
elucidation  of  exact  roles  of  both  lobes  of  the  COG  complex 
should  help  in  our  understanding  of  mechanisms  of  Golgi 
maintenance  and  function. 

Materials  and  methods 

Reagents  and  antibodies 

Most  laboratory  reagents  were  purchased  from  Sigma-Aldrich.  Antibodies 
used  for  WB  and  IF  studies  were  obtained  from  standard  commercial 
sources  and  as  gifts  from  generous  individual  investigators  or  generated 
by  us  (see  below).  Antibodies  (and  their  dilutions)  were  as  follows:  rabbit 
pAbs:  anti-Cog  1  (Ungar  et  al.,  2002),  anti-Cog2p  (Podos  et  al.,  1994; 
Ungar  et  al.,  2002),  anti-Cog3p  (Suvorova  et  al.,  2001),  anti-Cog4p  (Un¬ 
gar  et  al.,  2002),  anti-Cog5p  (Walter  et  al.,  1998),  anti-Cog6p,  anti- 
Cog7p,  anti-Cog8p  (Ungar  et  al.,  2002),  anti-GPP130  (Covance),  anti- 
giantin  (a  gift  from  A.D.  Linstedt,  Carnegie  Mellon  University,  Pittsburgh, 
PA),  anti-pl  15  (a  gift  from  M.G.  Waters,  Merck  Research  Laboratories, 
Rahway,  NJ),  anti-s-COPI  (a  gift  from  R.  Duden,  Royal  Holloway  Univer¬ 
sity  of  London,  Egham,  Surrey),  rabbit  pAb  and  monoclonal  (18C8)  anti- 
syntaxin  5  (a  gift  from  J.  Hay,  University  of  Michigan,  Ann  Arbor,  Ml), 
anti-(3-COPI  (Sigma-Aldrich),  anti-VSVG  tag  (Ell;  Delta  Biolabs);  murine 
mAbs:  anti-GPP130  (A  1-1  18;  a  gift  from  A.  Linstedt),  anti-GM130  (BD 
Biosciences),  anti-GS-28  (BD  Biosciences),  anti-GS15  (BD  Biosciences), 
anti-p230  (BD  Biosciences),  and  anti-PDI  (Affinity  BioReagents). 

Mammalian  cell  culture,  plasmids,  and  transfection 

Monolayer  HeLa  cells  were  cultured  in  DME/F-12  media  supplemented 
with  15  mM  Hepes,  2.5  mM  L-glutamine,  5%  FBS,  100  U/ml  penicillin  G, 
100  fxg/ml  streptomycin,  and  0.25  |xg/ml  amphotericin  B.  Cells  were 
grown  at  37°C  and  5%  CO2  in  a  humidified  chamber.  HeLa  cells  that  sta¬ 
bly  expressed  GalNAc-T2  fused  to  GFP  or  to  a  VSV-tag  and  GalT  fused 
to  GFP  were  provided  by  B.  Storrie  (University  of  Arkansas  for  Medical 
Sciences,  Little  Rock,  AR;  Storrie  et  al.,  1998).  The  plasmid  encoding 
VSVGts045-GFP  was  obtained  from  M.A.  McNiven  (Mayo  Clinic,  Roch¬ 
ester,  MN).  The  plasmid  pYFP-hCOG3  was  described  previously  (Su¬ 
vorova  et  al.,  2001).  pCMV-SPORT6  with  cDNA  of  mCOG3  (clone  ID 
4020725;  NCBI  Accession  BC038030)  was  obtained  from  Invitrogen 


Figure  1 0.  Model  for  the  COG  complex  function  in  membrane  trafficking. 

Cis-Golgi  localized  COG  complex  acts  a  tether  for  retrograde  COPI- 
coated  CCD  vesicles  that  originate  from  the  trans-Golgi/endosomal  com- 
partment(s).  The  COG3  KD  abolishes  vesicle  tethering  to  the  cis-Golgi.  As 
a  result  multiple  nontethered  vesicles  are  transiently  accumulated  in  cell 
cytoplasm  and  the  membrane-depleted  Golgi  ribbon  is  fragmented  into 
multiple  Golgi  mini-stacks. 


and  mCOG3  sequence  was  verified  by  sequencing.  Transfections  were 
performed  using  TransIT-HeLaMONSTER  Kit  (Mirus  Corporation). 

RNA  interference  experiment 

Human  COG3  was  targeted  with  a  siRNA  duplex  (target  sense,  AGACT- 
TGTGCAGTTTAACA).  siRNAs  were  obtained  as  purified  duplexes  ob¬ 
tained  from  Dharmacon  Research.  Transfection  was  performed  using 
Oligofectamine  (Invitrogen)  following  the  protocol  recommended  by  Invi¬ 
trogen.  For  WB,  cells  were  plated  in  24-well  dishes,  grown  to  a  confluency 
of  ^70%,  transfected  with  siRNA  for  24-72  h,  and  lysed  in  the  SDS- 
PAGE  sample  buffer. 

IF  microscopy 

IF  microscopy  was  performed  using  an  epifluorescence  microscope  (Axio- 
vert  200;  Carl  Zeiss  Microimaging,  Inc.)  with  a  Plan-Apochromat  63 X  oil 
immersion  lens  (NA  1 .4)  at  RT.  The  secondary  antibodies  conjugated  to 
Alexa  Fluor  488  or  594  were  obtained  from  Molecular  Probes,  Inc.  The 
images  were  obtained  using  a  Qlmaging  Retiga  Fast-EXi  camera  that  was 
controlled  via  IP  Lab  software.  During  the  processing  stage,  individual  im¬ 
age  channels  were  pseudocolored  with  RGB  values  corresponding  to 
each  of  the  fluorophore  emission  spectral  profiles.  Images  were  cropped 
using  Adobe  Photoshop  software.  Where  indicated,  images  were  digitally 
deconvolved  (Huygens  Professional,  Scientific  Volume  Imaging). 

Live  cell  fluorescence  microscopy 

For  live  cell  fluorescence  microscopy,  cells  were  cultured  in  Lab-Tekll 
Chambered  Coverglass  System  (Nalge  Nunc).  Cells  were  maintained  on 
the  microscope  stage  in  a  chamber  at  RT  in  DME/F12  without  phenol  red 
and  sodium  pyruvate  (Invitrogen). 

For  analysis  of  anterograde  transports  both  COG3  KD  and  mock- 
treated  HeLa  cells  60  h  after  siRNA  treatment  were  transfected  with  a  vec¬ 
tor  that  encoded  VSVGts045-GFP  protein  and  were  kept  at  the  39.5°C  for 
16  h  (Suvorova  et  al.,  2001).  After  that  the  temperature  was  reduced  to 
permissive  one  (32°C)  to  allow  the  VSVG  to  travel  toward  the  plasma 
membrane.  After  2  h  of  chase,  cells  were  fixed  and  stained  for  GS28. 

For  analysis  of  retrograde  transport  Cy3-Shiga  toxin  B  subunit  (STB- 
Cy3;  Mallard  et  al.,  1998)  was  used.  STB-Cy3  was  a  gift  from  B.  Storrie. 
60  h  after  the  start  of  COG3  KD  HeLa  cells  that  stably  express  the  Golgi 
markers  GalT-GFP  or  GalNacT2-GFP  were  incubated  with  STB-Cy3  for  30 
min  at  4°C,  washed,  refueled  with  fresh  DME  medium  without  phenol  red, 
and  incubated  for  2  or  1  2  h  at  37°C  and  5%  CO2  in  a  humidified  cham¬ 
ber.  ER  was  visualized  with  the  ER-Tracker  blue-white  PDX  (Molecular 
Probes).  Images  were  obtained  as  described  above. 

EM 

Cells  were  fixed  with  3%  glutaraldehyde  in  PBS  for  2  h  at  4°C.  Cells  were 
washed  three  times  with  PBS,  fixed  with  2%  OSO4  in  PBS,  washed  again, 
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dehydrated  in  a  graded  ethanol  series,  and  embedded  in  Epon  812.  Ul- 
trathin  sections  were  obtained  using  RMC  MT-7000  microtome,  double 
stained  with  uranyl  acetate  and  lead  citrate.  Specimens  were  examined 
using  JEOL  JEM-1010  electron  microscope  at  80  kV  with  magnification 
ranging  from  15,000  to  75,000x. 

Microinjection  of  anti-COG3  antibodies 

HeLa  cells  that  stably  expressed  GalT-GFP  were  microinjected  with  anti- 
Cog3p  IgGs  with  the  Narishigee  Micromanipulator  and  imaged  imme¬ 
diately  and  4  h  after  the  injection  using  a  40x,  1 .3  NA  Fluor  objective 
fitted  to  a  confocal  microscope  (model  LSM410;  Carl  Zeiss  Microimag¬ 
ing,  Inc.).  The  antibody  concentration  was  2  mg/ml,  Texas  red  was 
used  as  an  injection  marker.  Microinjection  of  the  preimmune  IgGs  was 
used  as  the  control. 

Cell  fractionation  and  preparation  of  CCD  vesicles 

HeLa  cells  were  cultured  to  ^80%  confluence  in  60-mm  dishes  and  trans¬ 
fected  with  COG3  siRNA.  78  h  after  transfection  (KD  efficiency  of 
Cog3p  ^80%),  cells  were  washed  three  times  with  PBS  and  then 
scraped  in  0.3  ml  of  20  mM  Hepes-KOH  buffer,  pH  7.4,  supplemented 
with  a  proteinase  inhibitor  cocktail  (Roche  Diagnostics  Corporation)  on 
ice.  The  cells  were  disrupted  using  a  Potter  homogenizer.  Subcellular 
fractions  were  obtained  by  standard  differential  centrifugation.  The  PNS 
was  obtained  at  500  g  (5  min,  3°C).  Heavy  membranes,  including  ER 
and  the  Golgi  were  pelleted  at  10,000  g  (10  min,  3°C).  Light  mem¬ 
branes,  including  transport  vesicle  were  obtained  by  centrifugation  con¬ 
ducted  in  a  rotor  (model  TLA- 1  00;  Beckman  Coulter)  at  1  00,000  g  (1  h, 
3°C).  All  membrane  pellets  were  resuspended  in  2%  SDS  in  volumes 
equal  to  volume  of  original  lysate.  Membrane  and  cytoplasmic  proteins 
were  denatured  by  heating  at  95°C  for  5  min.  To  normalize  the  sample 
loading  for  WB  analysis,  protein  content  was  measured  using  the  BCA 
reagent  (Pierce  Chemical  Co.). 

Glycerol  velocity  centrifugation  and  gel  filtration 

Gradient  fractionation  was  prepared  as  described  previously  (Jesch  and 
Linstedt,  1998)  with  some  modification.  To  prepare  the  lysate,  72  h 
COG3  KD  HeLa  cells  from  one  10-cm  plate  were  collected  by  trypsiniza- 
tion,  pelleted  (500  g  for  5  min),  then  washed  once  in  PBS,  and  once  in 
STE  buffer  (250  mM  sucrose,  10  mM  triethylamine,  pH  7.4,  1  mM  EDTA, 
with  protease  inhibitors),  homogenized  by  20  passages  through  a  25- 
gauge  needle  in  0.5-ml  buffer  STE  without  sucrose,  and  then  centrifuged 
at  1,000  g  for  2  min  to  obtain  PNS.  This  supernatant  was  used  for  both 
gradient  fractionation  and  gel  filtration.  PNS  (1  ml)  was  layered  on  linear 
10-30%  (wt/vol)  glycerol  gradients  (12  ml  in  10  mM  triethylamine,  pH 
7.4,  and  1  mM  EDTA  on  a  0.5  ml  80%  sucrose  cushion)  and  centrifuged 
at  280,000  g  for  60  min  in  a  SW40  Ti  rotor  (Beckman  Coulter). 

1  ml  fractions  were  collected  from  the  top.  All  steps  were  performed 
at  4°C.  50  |jlI  of  each  fraction  was  combined  with  sample  buffer,  then 
loaded  on  SDS-PAGE  and  analyzed  by  WB. 

For  gel  filtration  analysis,  PNS  was  loaded  onto  29  X  0.7  cm 
Sephacryl  S-1000  gel  filtration  column.  Material  was  eluted  in  STE  buffer  at 
flow  rate  of  0.3  ml/h.  0.5-ml  fractions  were  collected  and  analyzed  by  WB. 

Interaction  of  the  COG  complex  with  CCD  vesicles 

The  COG  complex  was  isolated  from  HeLa  cells  that  express  YFP-Cog3p 
(Suvorova  et  al.,  2001).  Cells  from  two  10-cm  plates  were  homogenized 
in  equal  volumes  of  cold  CTN  buffer  (2%  CHAPS,  40  mM  Tris-HCl,  pH 
7.4,  300  mM  NaCl,  protease  inhibitor  cocktail)  on  ice.  Cell  lysates  were 
clarified  by  centrifugation  at  20,000  g  for  10  min.  The  supernatant  was 
transferred  into  a  new  presiliconized  tube,  diluted  twice  with  TBST  (TBS 
with  0.05%  Tween  20),  and  incubated  with  50  pJ  of  protein  A  Sepharose 
CL-4B  (Amersham  Biosciences)  on  a  tube  rotator  for  30  min,  then  beads 
were  sedimented  at  500  g  (1  min,  3°C).  The  supernatant  was  transferred 
in  a  new  tube,  2  jxg  of  anti-GFP  antibodies  were  added,  and  the  tube  was 
incubated  on  the  tube  rotator  for  4  h  in  a  cold  room.  After  that  30  pJ  of 
protein  G-Agarose  beads  were  added  to  the  samples  and  incubated  for 
1  h.  Beads  were  sedimented  by  centrifugation  at  1  10  gr  for  1  min  and 
washed  four  times  with  TBST.  The  COG  complex-loaded  beads  were 
transferred  to  a  new  tube,  washed  again  and  finally  resuspended  in  60  pJ 
of  TBST.  20  |jlI  of  beads  were  tested  for  the  presence  of  YFP-Cog3p  and 
other  COG  subunits  by  WB. 

40  |jlI  of  COG  complex  beads  were  incubated  for  4  h  with  the 
CCD  vesicles  enriched  supernatant  from  the  COG3  KD  cells.  Beads  were 
washed  three  times  and  eluted  with  the  sample  buffer.  Similar  Incubation 
with  untreated  protein  G-agarose  beads  or  protein  G-agarose  beads  pre- 
loaded  with  anti-GS15  antibodies  was  used  as  a  control. 


IP  experiments  using  rat  liver  Golgi  membranes 

Rat  liver  Golgi  membranes  were  purified  as  described  by  Hamilton  et  al. 
(1991)  and  frozen  in  aliquots  in  liquid  nitrogen.  All  of  the  following  oper¬ 
ations  were  performed  in  a  cold  room.  Membranes  were  thawed  on  ice 
in  an  equal  volume  of  cold  CTN  buffer  and  incubated  for  30  min.  50  jjlI 
of  protein  A  Sepharose  in  TBS  was  added  and  incubated  on  a  tube  rota¬ 
tor  for  30  min.  Insoluble  material  and  beads  were  pelleted  at  20,000  g 
for  1 0  min  at  3°C.  The  supernatant  was  transferred  to  a  new  tube  and  di¬ 
luted  twice  with  TBST.  2  |xg  of  anti-Cog3p,  anti-GS28  or  anti-PDI  antibod¬ 
ies  were  added  to  the  diluted  samples  and  incubated  on  tube  rotator  for 
4  h.  20  |jlI  of  protein  G  agarose  were  added  to  the  samples  and  incu¬ 
bated  for  another  hour.  After  incubation  the  beads  were  sedimented  by 
low  speed  centrifugation  at  1  10  g  for  1  min  and  washed  four  times  with 
TBST.  After  that  beads  were  transferred  to  a  new  tube,  resuspended  in  30 
|ulI  of  2 X  sample  buffer,  heated  for  5  min  at  95°C,  loaded  on  SDS-PAGE, 
and  analyzed  by  WB. 

SDS-PAGE  and  Western  blotting 

SDS-PAGE  and  WB  were  performed  as  described  by  Suvorova  et  al. 
(2002).  A  signal  was  detected  using  a  chemiluminescence  reagent  kit 
(PerkinElmer  Life  Sciences)  and  quantitated  using  ImageJ  software  (http:// 
rsb.info.nih.gov/ij/). 
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Defects  in  conserved  oligomeric  Golgi  (COG)  complex 
result  in  multiple  deficiencies  in  protein  glycosylation. 
On  the  other  hand,  acute  knock-down  (KD)  of  Cog3p 
(COG3  KD)  causes  accumulation  of  intra-Golgi  COG 
complex-dependent  (CCD)  vesicles.  Here,  we  analyzed 
cellular  phenotypes  at  different  stages  of  COG3  KD  to 
uncover  the  molecular  link  between  COG  function  and 
glycosylation  disorders.  For  the  first  time,  we  demon¬ 
strated  that  medial- Golgi  enzymes  are  transiently  relo¬ 
cated  into  CCD  vesicles  in  COG3  KD  cells.  As  a  result, 
Golgi  modifications  of  both  plasma  membrane  (CD44) 
and  lysosomal  (Lamp2)  glycoproteins  are  distorted. 
Localization  of  these  proteins  is  not  altered,  indicating 
that  the  COG  complex  is  not  required  for  anterograde 
trafficking  and  accurate  sorting.  COG7  KD  and  double 
COG3/COG7  KD  caused  similar  defects  with  respect  to 
both  Golgi  traffic  and  glycosylation,  suggesting  that  the 
entire  COG  complex  orchestrates  recycling  of  medial- 
Golgi-resident  proteins.  COG  complex-dependent  dock¬ 
ing  of  isolated  CCD  vesicles  was  reconstituted  in  vitro, 
supporting  their  role  as  functional  trafficking  intermedi¬ 
ates.  Altogether,  the  data  suggest  that  constantly  cycling 
medial- Golgi  enzymes  are  transported  from  distal  com¬ 
partments  in  CCD  vesicles.  Dysfunction  of  COG  complex 
leads  to  separation  of  glycosyltransferases  from  antero¬ 
grade  cargo  molecules  passing  along  secretory  pathway, 
thus  affecting  normal  protein  glycosylation. 

Key  words:  COG,  glycosylation,  Golgi,  retrograde  traffic, 
tethering 
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The  Golgi  apparatus  is  a  hub  for  membrane-trafficking 
pathways,  organizing  both  anterograde  and  retrograde 
trafficking  of  molecules  (1).  It  plays  a  key  role  in  the 
intracellular  trafficking,  processing  and  secretion  of  glyco¬ 
proteins,  glycolipids  and  proteoglycans  (2).  Sequential 
modifications  of  glycoproteins  by  Golgi  enzymes  depend 
on  the  non-uniform  distribution  of  different  glycosylation 
enzymes  within  Golgi  stack  (3-5). 


Anterograde  vesicular  transport  and  cisternal  maturation 
are  two  alternative  models  of  intra-Golgi  transport  (6). 
A  fundamental  difference  between  these  two  models  is 
the  differential  movement  of  resident  and  cargo  proteins. 
The  anterograde  vesicular  transport  model  predicts  that 
cargo  molecules  will  move  forward  in  transport  vesicles, 
while  resident  proteins  are  specifically  retained.  The  cis¬ 
ternal  maturation  model  predicts  that  cargo  molecules  will 
move  through  the  stack  passively  as  the  cisternae  move 
forward,  while  resident  proteins  will  be  recycled  by  retro¬ 
grade  transport  to  establish  differential  concentrations 
across  the  stack.  These  two  models  are  not  mutually 
exclusive  and  may  occur  simultaneously  (7).  Inherent  in 
the  cisternal  maturation  model  is  the  importance  of  recy¬ 
cling  in  localization  of  glycosyltransferases,  SNAREs  and 
other  resident  Golgi  proteins. 

Studies  in  yeast  and  mammalian  cells  have  led  to  the 
identification  of  several  multisubunit  protein  complexes 
that  are  thought  to  be  involved  in  Golgi  vesicle  tethering 
and/or  compartment  function,  including  the  conserved  oli¬ 
gomeric  Golgi  (COG)  (8,9),  the  TRAPP,  (10)  and  the  GARP 
(Vps51-54)  (11)  complexes  (12).  COG  complex  is  prefer¬ 
entially  localized  to  the  cis/medial  cisternae  of  the  Golgi 
apparatus  (13-15)  and  is  involved  in  Golgi  membrane  traf¬ 
fic  (16-20).  Conserved  oligomeric  Golgi  complex  is  a  per¬ 
ipheral  membrane  hetero-oligomer  which  consists  of  eight 
subunits  named  COG1-8  (15-18,21-23).  On  the  basis  of 
yeast  and  mammalian  genetic  and  biochemical  studies 
(22-25)  and  on  the  results  of  the  electron  microscopy 
(15),  COG  subunits  have  been  grouped  into  two  lobes 
consisting  of  COG1-4  (essential  Lobe  A)  and  COG5-8 
(non-essential  Lobe  B).  Mutations  in  the  subunits  of  the 
COG  complex  severely  distress  Golgi  glycosylation 
machinery  (17,20-22,26).  In  A COG1  and  A COG2  CHO 
mutant  cells  processing  of  glycoproteins  and  glycolipids 
is  defective  and  heterogeneous,  resulting  in  substantial 
global  alterations  in  cell  surface  glycoconjugates  (27).  A 
recently  found  mutation  in  human  COG7  gene  leads  to 
the  type  II  congenital  disorder  of  glycosylation  (CDG)  (26). 
The  heterogeneity  of  protein  glycosylation  defects  sug¬ 
gests  that  mutations  in  COG  complex  affect  the  activity 
or  compartmentalization  of  multiple  Golgi  enzymes  with¬ 
out  sizeable  disruption  of  secretion  and  endocytosis.  The 
activity  of  glycosylation  enzymes  depends  on  their  proper 
intra-Golgi  localization  (28,29).  Thus,  COG  may  play  a 
direct  role  in  transport,  retention  and/or  retrieval  of  com¬ 
ponents  of  Golgi-glycosylation  machinery.  Studies  in  yeast 
have  identified  a  large  number  of  COG-interacting  genes 
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encoding  proteins  implicated  in  Golgi  trafficking  (8,9,17). 
We  have  shown  that  COG  complex  directly  interacts  with 
Rab  GTPase  Yptlp,  intra-Golgi  SNAREs,  as  well  as  with 
the  COPI  coat  complex.  In  addition,  electron  microscopy 
revealed  that  cog2  and  cog3  temperature-sensitive  yeast 
mutants  accumulate  vesicles  (30). 

It  has  been  recently  demonstrated  that  the  acute  knock¬ 
down  (KD)  of  the  COG3  was  accompanied  by  reduction  in 
Cogl,  Cog  2  and  Cog  4  protein  levels  and  resulted  in  the 
accumulation  of  COG  complex-dependent  (CCD)  vesicles 
carrying  Golgi  v-SNARE  molecules  (19).  Prolonged  block  in 
CCD  vesicle  tethering  is  accompanied  by  substantial  frag¬ 
mentation  of  the  Golgi  ribbon.  Fragmented  Golgi  mem¬ 
branes  maintain  their  juxtanuclear  localization,  cisternal 
organization  and  competence  for  anterograde  protein  traf¬ 
ficking  to  the  plasma  membrane.  These  findings  let  us 
hypothesize  that  COG  complex  acts  as  a  tether  which 
connects  COPI  vesicles  with  c/s-Golgi  membranes  during 
retrograde  intra-Golgi  traffic.  Additional  evidence  that  COG 
plays  a  role  in  the  retrograde  vesicular  transport  of  Golgi 
proteins,  including  glycosylation  enzymes,  came  from  sur¬ 
veying  the  steady-state  levels  of  Golgi  proteins  in  wild- 
type  and  COG-deficient  mammalian  cells  (31).  Seven 
Golgi  membrane  proteins,  including  processing  enzyme 
oc-1 ,3-1 ,6-mannosidase  II  (Mann  II),  were  found  to  exhibit 
reduced  steady  state  levels  in  both  A COG1  and  A COG2 
CHO  cells. 

How  can  the  COG  complex  determine  localization  of 
enzymes  within  the  Golgi?  One  way  to  achieve  this  is  to 
interact  directly  with  cytoplasmic  tails  of  resident  Golgi 
proteins  and  retain  them  in  an  appropriate  compartment. 
Another  way  is  to  control  the  basic  structure  of  the  Golgi 
or  its  lumenal  environment  (pH,  ion  concentrations)  (21). 
The  most  likely  hypothesis  is  that  the  COG  complex  is 
directly  involved  in  tethering  of  intra-Golgi  COPI  vesicles 
which  transport  recycling  enzymes  to  appropriate  com¬ 
partments.  To  test  this  hypothesis  and  determine  molecu¬ 
lar  mechanism  by  which  malfunctioning  of  the  COG 
complex  may  generate  defects  in  Golgi-glycosylation 
machinery,  we  investigated  cellular  phenotypes  after 
both  acute  and  prolonged  COG3  and  COG7  KD.  We 
found  that  progression  of  COG3  KD  was  positively  corre¬ 
lated  with  Golgi-glycosylation  defects,  and  glycosylation  of 
both  lysosomal  and  plasma  membrane  proteins  was 
severely  altered  after  prolonged  COG3  KD. 
Underglycosylated  proteins  were  correctly  delivered  to 
their  cellular  locations,  indicating  that  even  a  prolonged 
block  in  Cog3p  function  does  not  affect  anterograde  traf¬ 
ficking  and  protein  sorting.  We  also  discovered  that  as  early 
as  3  days  after  COG3  KD  medial-G olgi  enzyme,  (3-1, 2-/V- 
acetylglucosaminyltransferase-1  (GIcNAcTI)  becomes  mis- 
localized  into  vesicular  fraction.  GIcNAcTI  containing  vesi¬ 
cles  were  distinct  from  ER,  endosomes  and  lysosomes 
and  most  likely  identical  to  previously  described  CCD 
vesicles  enriched  with  Golgi  v-SNARE  proteins  (19). 
Similar  relocation  into  CCD  vesicles  was  found  for  another 


medial- Golgi  enzyme,  Mann  II  and  to  a  lesser  extent 
medial/trans- Golgi  enzyme  N-acetylgalactosaminyltrans- 
ferase  2  (GalNAcT2)  and  trans- Golgi  enzyme  (3-1 ,4galacto- 
syltransferase  (GalT).  Prolonged  COG3  KD  finally  leads  to 
degradation  of  both  GIcNAcTI  and  Mann  II.  Similar  effects 
were  observed  in  COG7  KD  and  COG3/COG7  double  KD 
HeLa  cells. 

On  the  basis  of  our  findings,  we  conclude  that  alterations  in 
the  function  of  COG  complex  caused  specific  mislocaliza- 
tion  of  medial- Golgi  enzymes  and  Golgi  v-SNAREs  into  recy¬ 
cling  intra-Golgi  CCD  vesicles.  Efficient  and  COG-dependent 
docking  of  CCD  vesicles  to  purified  Golgi  membranes  was 
reconstituted  in  vitro,  supporting  functional  status  of  these 
transport  intermediates.  Conserved  oligomeric  Golgi  com¬ 
plex  most  likely  functions  in  tethering  of  retrograde  enzyme¬ 
carrying  CCD  vesicles  to  the  proper  Golgi  compartment. 


Results 

Prolonged  COG3  knock-down  leads  to  defects  in 
protein  glycosylation 

Our  previous  studies  demonstrated  that  acute  depletion  of 
Cog3p  caused  accumulation  of  non-tethered  CCD  vesicles 
and  Golgi  fragmentation  but,  at  least  initially,  did  not  result 
in  increased  gel  mobility  of  Golgi  glycoprotein  GPP130, 
arguing  that  protein  glycosylation  was  not  altered  (19). 
This  result  was  rather  surprising,  since  severe  Golgi-gly¬ 
cosylation  defects  were  previously  observed  in  both 
A COG1  and  A COG2  CHO  mutant  cells  (21),  and  similar 
glycosylation  abnormalities  were  detected  in  yeast  cog3- 
ts  ( sec34-2 )  mutant  (17).  We  hypothesized  that  the 
observed  phenotype  of  the  acute  COG3  KD  might  repre¬ 
sent  a  primary  Cog3p-dependent  defect  in  membrane 
trafficking,  leading  to  deficient  Golgi  glycosylation.  To 
test  out  this  hypothesis,  we  investigated  whether  the 
extended  deficiency  in  Cog3p  function  would  affect 
Golgi-glycosylation  machinery  (Figure  1A).  First,  we  deter¬ 
mined  the  steady-state  glycosylation  status  of  two  endo¬ 
genous  membrane  glycoproteins  -  plasma  membrane- 
localized  CD44  (32)  and  extensively  glycosylated  with  16 
N-linked  carbohydrate  chains  lysosomal  resident  protein 
Lamp2  (33).  HeLa  cells  were  treated  with  COG3  siRNA 
for  3,  6  and  9  days.  Acute  KD  is  referred  to  as  3  days  after 
siRNA  treatment;  prolonged  KD  is  6  and  9  days  after 
siRNA  treatment.  Cog3  protein  has  been  efficiently 
depleted,  and  after  3  days  of  KD,  its  level  comprised 
10%  of  the  initial  one  (Figure  1A,  right  panel,  upper  lane). 
We  have  previously  shown  that  acute  COG3  KD  affects 
the  stability  of  Lobe  A  but  not  Lobe  B  subunits  of  the  COG 
complex  (19).  Similarly,  there  was  destabilization  of  Cog4p 
and  most  probably  whole  Lobe  A  after  prolonged  COG3 
KD.  Cellular  levels  of  Lobe  B  subunits  were  also  slightly 
decreased  (Figure  SI,  available  online  at  http:// 
www.blackwell-synergy.com).  Prolonged  COG3  KD  or 
similar  transfection  with  control  (scrambled)  siRNA  did 
not  affect  viability  of  HeLa  cells. 
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Figure  1:  Prolonged  COG3  knock  down  (KD)  affects  glycosylation  and  stability  of  membrane  glycoproteins  of  secretory  path¬ 
way.  A)  Steady-state  cellular  level  and  gel  mobility  of  glycoproteins  of  secretory  pathway.  HeLa  cells  were  mock  (0)  or  COG3  siRNA 
treated  for  3,  6  and  9  days.  Total  cell  lysates  were  prepared  at  corresponding  time  points,  subjected  to  SDS-PAGE  and  WB  with  the 
indicated  antibodies.  Right  panel  represents  quantification  of  immunoblotted  proteins.  B)  Increase  in  gel  mobility  of  CD44  after  COG3  KD 
is  due  to  its  defective  glycoprotein  modification.  Cell  lysates  after  3,  6  and  9  days  of  COG3  KD  were  incubated  with  a  PNGase  F  (500  U / 
reaction)  as  described  in  Materials  and  Methods.  Samples  were  loaded  on  SDS-PAGE  and  WB  with  anti-CD44  antibody.  C)  Pulse-chase 
labeling  of  CD44  and  Lamp2  glycoproteins.  Cells  were  metabolically  labeled  with  35S-Methionine  for  1 0  min  and  then  chased  for  indicated 
time  points.  Cell  lysates  were  subjected  to  IP  with  anti-CD44  and  anti-Lamp2  antibodies.  Precipitated  proteins  were  loaded  on  SDS-PAGE 
and  visualized  by  Phosphorlmager.  Star  indicates  a  non-specific  band. 
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In  agreement  with  our  previous  observations,  after  3  days 
of  COG3  KD,  all  tested  glycoproteins,  i.e.  GPP130,  Lamp2 
and  CD44,  did  not  show  a  visible  change  in  their  mobility 
on  SDS-PAGE  (Figure  1A,  compare  control  (0)  and  3  days 
lanes).  In  contrast,  after  6  days  of  COG3  KD,  the  gel 
mobility  of  both  Lamp2  and  CD44  was  altered,  indicating 
the  production  of  underglycosylated  protein  species.  The 
glycosylation  defects  became  more  pronounced  after  9 
days  of  COG3  KD.  Western  blot  analysis  demonstrated 
that  a  decrease  in  molecular  weight  of  both  CD44  and 
Lamp2  positively  correlated  with  the  duration  of  COG3 
KD  (Figure  1A,  left  panel,  compare  molecular  weights  of 
CD44  and  Lamp2  after  3  and  9  days  of  COG3  KD). 
Smearing  of  the  bands  corresponding  to  CD44  and 
Lamp2  may  argue  for  heterogeneity  in  glycosylation, 
emerging  after  6  and  9  days  of  COG3  KD.  Interestingly, 
the  bulk  of  the  GPP130  did  not  change  its  gel  mobility 
even  after  9  days  of  COG3  KD.  Instead,  the  level  of 
GPP130  protein  was  dramatically  decreased  after  pro¬ 
longed  COG3  KD  (Figure  1  A,  right  panel).  A  similar  expres¬ 
sion  profile  was  observed  for  Lamp2.  After  9  days  of 
COG3  KD,  the  protein  level  of  Lamp2  was  reduced  by 
more  than  50%  (Figure  1A,  right  panel).  The  latter  result 
might  be  caused  by  the  instability  of  underglycosylated 
Lamp2  protein  (34). 

To  confirm  our  assumption  that  the  increase  in  gel  mobility 
is  caused  by  defective  glycosylation,  both  control  and 
COG3  KD  cell  lysates  were  subjected  to  peptide:  N-glycosi- 
dase  F  (PNGase  F)  treatment  (Figure  IB).  We  found  that 
deglycosylation  of  all  forms  of  CD44  observed  in  COG3  KD 
cells  produced  a  single  62  kDa  polypeptide.  A  similar  result 
was  obtained  for  Lamp2,  in  which  the  molecular  weight 
was  reduced  from  approximately  110  to  82  kDa  after 
PNGase  F  treatment  (data  not  shown).  This  result  con¬ 
firmed  our  hypothesis  that  increased  gel  mobility  of  CD44 
and  Lamp2  after  COG  complex  KD  is  entirely  due  to  defi¬ 
cient  glycosylation.  After  prolonged  COG3  KD,  underglyco¬ 
sylated  glycoproteins  were  sensitive  to  Endo  FI  treatment 
(Figure  S2,  available  online  at  http://www.blackwell- 
synergy.com),  indicating  defects  in  early  Golgi  glycosylation. 

To  determine  whether  COG3  KD  affects  the  kinetics  of 
glycoprotein  modifications  in  the  Golgi,  we  performed  a 
pulse-chase  experiment  (Figure  1C).  Both  the  extent  of 
glycosylation  and  its  kinetics  were  almost  indistinguish¬ 
able  for  control  and  3  days  COG3  KD  cells,  with  only 
minute  smearing  of  CD44  band  observed  at  the  120  min 
time  point  (Figure  1C,  panel  a).  This  smearing  most  likely 
represents  the  early  onset  of  glycosylation  defects.  In 
contrast,  a  pronounced  defect  in  glycosylation  of  CD44 
and  Lamp2  (Figure  1C,  9  KD  lanes)  was  detected  after  9 
days  of  COG3  KD.  Even  after  2  h  of  chase,  both  CD44  and 
Lamp2  remained  underglycosylated.  Prolonged  (9  days) 
growth  on  plates  and/or  continuous  treatments  with  trans¬ 
fection  reagent  slowed  down  the  kinetics  of  CD44  glyco¬ 
sylation  in  both  COG3  siRNA  and  mock-transfected  cells. 
Interestingly,  in  both  plates,  120  min  was  a  sufficient  time 


to  chase  the  bulk  of  CD44  to  the  Golgi  glycosylated  form, 
indicating  that  protein  movement  through  the  Golgi  in 
COG3  KD  cells  was  not  sufficiently  altered.  We  have 
previously  observed  a  similar  slight  delay  in  plasma- 
membrane  delivery  of  VSVG  in  COG3  KD  cells  (19). 

The  behavior  of  Lamp2  was  more  complex,  with  the  accu¬ 
mulation  of  a  whole  array  of  partially  glycosylated  forms 
accumulated  in  COG3  KD  cells  after  120  min  of  chase. 
These  findings  allowed  us  to  hypothesize  that  after  pro¬ 
longed  COG3  KD,  either  glycoproteins  are  not  targeted 
properly  and  thus  can  not  encounter  the  Golgi  glycosylation 
machinery  or  Golgi  glycosylation  machinery  itself  is 
mislocalized,  thus  not  allowing  Golgi  enzymes  to  process 
proteins. 

Underglycosylated  glycoproteins  are  correctly 
localized  in  COG3  KD  cells 

To  address  the  first  question  of  possible  impairment  of 
anterograde  trafficking  of  glycoproteins  of  the  secretory 
pathway  under  conditions  of  COG3  KD,  we  determined 
localization  of  CD44  and  Lamp2  after  prolonged  COG3  KD. 
As  shown  in  Figure  2(A),  after  9  days  of  COG3  KD,  CD44 
was  mostly  localized  on  the  plasma  membrane.  A  small 
portion  of  CD44  signal  was  detected  on  intracellular 
membranes  that  were  distinct  from  GPP1 30-positive 
membranes  and  most  likely  represented  recycling  pool 
of  CD44.  Strikingly,  staining  of  non-permeabilized  cells 
demonstrated  that  the  intensity  of  CD44  signal  was  similar 
for  both  control  (100%)  and  9  days  of  COG3  KD  (94%) 
cells,  indicating  that  anterograde  trafficking  and  plasma 
membrane  expression  of  CD44  was  not  compromised 
(Figure  2B).  There  was  no  staining  for  the  lumenal  Golgi 
protein  GIcNAcTI  in  non-permeabilized  cells  (Figure  S3 
available  online  at  http://www.blackwell-synergy.com). 

Similarly,  proper  localization  was  found  for  the  lysosomal 
protein  Lamp2  (Figure  2C).  Nine  days  after  COG3  KD, 
Lamp2  was  associated  with  scattered  membrane  com¬ 
partments  distinct  from  endosomes,  ER  and  Golgi  rem¬ 
nants  (data  not  shown).  To  obtain  additional  evidence  that 
the  Lamp2-positive  compartments  are  indeed  lysosomal  in 
nature,  cells  were  treated  with  Cascade  Blue  Dextran, 
which  is  known  to  travel  via  the  endocytic  pathway  finally 
accumulating  in  lysosomes  (Figure  2D).  Immunofluorescent 
assays  demonstrated  that  in  both  control  (80  ±  3%  of 
colocalization)  and  9  days  (69  ±  4%  of  colocalization)  of 
COG3  KD  cells,  endocytosed  dextran  was  colocalized  with 
Lamp2,  indicating  that  underglycosylated  Lamp2  was 
sorted  properly  to  lysosomes  in  COG3-depleted  cells. 

Medial -Golgi  enzymes  are  severely  mislocalized  in 
COG3  KD  cells 

Results  from  the  experiments  described  above  allowed  us 
to  conclude  that  in  Cog3p  deprived  cells,  underglycosy¬ 
lated  proteins  are  delivered  properly  to  both  the  plasma 
membrane  and  lysosomes.  Most  likely,  on  their  way  to 
final  destination,  they  are  transported  through  the 
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Figure  2:  Underglycosylated  CD44  and  Lamp2  are  correctly  localized  in  control  and  COG3  knock  down  (KD)  cells.  A)  Localization 
of  CD44  is  similar  in  control  and  C0G3  KD  cells.  Control  and  9  days  C0G3  KD  cells  were  fixed,  permeabilized  and  triple  stained  with 
anti-CD44  (red),  GPP130  (green)  and  DAPI  (blue).  Arrows  indicate  plasma  membrane.  B)  Plasma  membrane  delivery  of  CD44  is  not 
compromised  in  COG3  KD  cells.  Control  and  9  days  COG3  KD  cells  were  fixed  and  stained  with  anti-CD44  (green)  without  permeabiliza- 
tion.  C)  Localization  of  Lamp2  is  similar  in  control  and  COG3  KD  cells.  Control  and  9  days  COG3  KD  cells  were  fixed  and  triple 
stained  with  anti-Lamp2  (red),  GPP130  (green)  and  DAPI  (blue).  D)  Lamp2  is  colocalized  with  lysosomes  in  control  and  COG3  KD  cells. 
Control  and  9  days  of  COG3  KD  cells  were  treated  with  Cascade  Blue  Dextran  as  described  in  Materials  and  Methods  and  stained  with 
anti-Lamp2  (green).  Cascade  Blue  Dextran  is  visualized  at  420  nm  spectrum  (blue).  Arrows  indicate  lysosomes.  All  images  were  collected 
at  equal  signal  gains  using  CARV  microscopy.  Bar,  10  (im. 

fragmented  Golgi.  Thus,  the  anterograde  protein  flow  is 
undistorted,  and  the  trafficking  itinerary  is  not  modified  in 
COG  KD  cells.  Why  do  glycoproteins  become  underglyco¬ 
sylated?  We  hypothesized  that  Golgi-glycosylation 
machinery  itself  is  mislocalized  in  COG3  KD  cells.  Both 
IF  and  subcellular  fractionation  were  employed  to  deter¬ 
mine  localization  of  key  components  of  the  Golgi- 
glycosylation  machinery.  We  have  specifically  focused 
our  investigation  on  GIcNAcTI  localized  at  steady-state 
within  the  medial- Golgi  cisternae  (5).  It  has  been  shown 
that  newly  synthesized  GIcNAcTI  is  transported  rapidly 
through  the  Golgi  stack  to  the  trans-Go\g\  network  and 
then  is  recycled  back  to  the  c/s-Golgi  with  a  half-time  of 
about  150  min,  suggesting  that  this  protein  is  continu¬ 
ously  recycled  from  the  late  Golgi  (29,35).  Furthermore, 


GIcNAcTI  was  detected  in  COPI-dependent  transport 
intermediates  which  fused  with  the  cis- cisternae  in  the 
in  vitro  assays  (36,37).  To  account  for  any  non-specific 
staining  with  primary  or  secondary  antibodies  in  IF  experi¬ 
ments,  we  used  a  mixed  population  (1:1)  of  HeLa  cells 
stably  expressing  Golgi  glycosyltransferases  tagged  either 
with  myc  or  vsv  epitope  tag.  It  has  been  previously  shown 
that  in  these  cells,  tagged  enzymes  were  only  slightly 
(two-  to  fourfold)  overexpressed,  and  their  localization 
and  trafficking  was  indistinguishable  from  endogenous 
enzymes  (5).  We  found  that  GIcNAcTI  is  tightly  asso¬ 
ciated  with  the  Golgi  ribbon  in  mock-transfected  cells 
treated  with  scrambled  siRNA  and  is  rapidly  redistributed 
into  vesicular  structures  after  COG3  KD  (Figure  3A).  A 
subpopulation  of  the  enzyme  colocalized  with  GM130 


Traffic  2006;  7:  191-204 


195 


Shestakova  et  al. 


c 


CO 
> 
C C 
■D 


Q 

CO 

CD 

O 

O 


Fractions 

co  » 


1  2  3  4  5  6  7  8  9  10  11  12  13 


Top 


Bottom 


GIcNAcTI  distribution  on  glycerol  velocity  gradient 


Fractions 


Figure  3:  COG3  knock  down  (KD)  induces  relocation  of  Golgi  enzyme  p-1,2-A/-acetylglucosaminyltransferase-1  (GIcNAcTI).  A) 

Control  (0),  3,  6  and  9  days  after  COG3  KD  mixture  of  cells  stably  expressing  GIcNAcTI-myc  and  Mann  ll-vsv  were  fixed  and  triple  stained 
with  anti-myc  (red),  Golgi  marker  anti-GM130  (green)  and  DAPI  (blue).  Arrows  indicate  conserved  oligomeric  Golgi  complex-dependent 
(CCD)  vesicles.  Star  indicates  cell  without  GIcNAcTI  -myc.  B)  3  days  COG3  KD  cells  as  in  (A)  were  fixed  and  triple  stained  with  anti-myc 
(red),  ER  marker  PDI  (green),  early  endosomal  marker  EEA1  (green),  lysosomal  marker  Lamp2  (green)  and  DAPI  (blue).  C)  Glycerol  velocity 
gradient  fractions  were  immunoblotted  with  anti-myc  (left  panel)  and  quantified  (right  panel).  Combined  signal  of  fractions  1  -1 3  was  taken 
for  1 00%.  Quantification  of  each  lane  represents  an  average  of  three  independent  experiments.  Black,  red,  blue  and  green  lines  represent 
distribution  of  GIcNAcTI  in  control,  3,  6  and  9  days  of  COG3  KD  cells,  respectively. 
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and  most  likely  remained  associated  with  fragmented 
Golgi  mini-stacks.  A  similar  vesicular  distribution  of 
GIcNAcTI  was  observed  in  cells  after  3  and  6  days  of 
COG3  KD  (Figure  3A,  3  and  6  days  rows).  More  reticular 
GIcNAcTI -positive  structures  were  found  in  cells  after 
prolonged  Cog3p  depletion  (Figure  3A,  9  days  row). 
These  reticular  structures  were  similar  to  classical  ER 
appearance,  and  indeed  partial  colocalization  of  Golgi 
enzyme  with  ER  marker  PDI  was  observed  in  cells  after 
9  days  of  COG3  KD  (Figure  S4,  available  online  at  http:// 
www.blackwell-synergy.com).  Localization  of  GIcNAcTI  in 
acutely  depleted  cells  was  distinct  from  that  of  ER,  endo- 
somal  and  lysosomal  markers  (Figure  3B),  and  most  likely, 
indicated  accumulation  of  the  enzyme  in  CCD  vesicles 
carrying  v-SNAREs  GS15  and  GS28  and  c/s-Golgi  glyco¬ 
protein  GPP130  (19).  On  the  glycerol  velocity  gradient, 
GPP130  was  detected  in  the  same  fractions  as 
GIcNAcTI.  Indeed,  separation  of  cell  lysates  on  glycerol 
velocity  gradient  demonstrated  that  a  significant  fraction 
of  GIcNAcTI  was  associated  with  small  vesicles  (Figure 
3C,  fractions  3  and  4).  CCD  vesicles  associated  fraction  of 
GIcNAcTI  was  increased  from  5%  (control)  to  more  than 


50%  (3  and  6  days  COG3  KD).  The  vesicular  fraction  in  9 
days  COG3  KD  cells  decreased  as  compared  to  acutely 
depleted  cells,  arguing  that  the  majority  of  GIcNAcTI  mole¬ 
cules  were  now  associated  with  larger  membrane  struc¬ 
tures  like  Golgi  or  ER  (Figure  3C,  lower  panel,  fraction  13). 
This  biochemical  result  is  in  good  agreement  with  the  IF 
data.  Both  PDI  and  GM130  were  exclusively  found  insoluble 
(fraction  1)  and  Golgi/ER  (fraction  13)  pools  (19;  data  not 
shown). 

To  test  whether  the  localization  of  other  Golgi  enzymes  is 
affected  by  COG3  KD,  we  used  cells  stably  expressing 
vsv-tagged  medial- Golgi  enzyme  Mann  II  and  medial/trans- 
Golgi  enzyme  GalNAcT2  (5).  IF  analysis  revealed  that  upon 
COG3  KD,  both  Mann  II  and,  to  a  lesser  extent,  GalNAcT2 
were  redistributed  into  vesicular  structures,  supporting 
our  hypothesis  of  their  accumulation  in  CCD  vesicles 
(Figure  4A).  Indeed,  there  was  significant  increase  in 
Mann  II  protein  in  the  vesicle  fraction  isolated  on  glycerol 
velocity  gradient  (Figure  4B).  Relative  enrichment  of  Mann 
II  in  the  vesicle  fraction  (approximately  four-  to  fivefold) 
was  similar  to  one  observed  for  GPP130  and  GIcNAcTI 
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Figure  4:  COG3  knock  down  (KD) 
induces  relocation  and  partial  degra¬ 
dation  of  medial- Golgi  enzymes.  A) 

Control  and  3  days  COG3  KD  cells  stably 
expressing  GIcNAcTI -myc,  Mann  ll-vsv 
and  GalNAcT2-vsv  were  fixed  and 
stained  with  anti-myc,  anti-vsv,  or  anti- 
GalT  antibodies.  Images  were  collected 
using  CARV  microscopy.  Bar,  10  |im.  B) 
Control  and  COG3  KD  vesicle  fractions 
(combined  glycerol  gradient  fractions  3 
and  4)  were  immunoblotted  with 
GPP130,  anti-myc  for  GIcNAcTI,  anti- 
vsv  for  Mann  II,  anti-vsv  for  GalNAcT2 
and  anti-PDI  antibodies  as  indicated.  C) 
Control,  3  and  9  days  COG3  KD  cell 
lysates  (10  pig)  were  immunoblotted 
with  anti-vsv  (upper  panel),  anti-myc 
(lower  panel),  anti-human  GS28  and  anti- 
PDI  antibodies.  Star  indicates  putative 
degradation  product  of  GIcNAcTI . 
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(Figure  4B,  compare  GPP130,  GIcNAcTI  and  Mann  II 
rows).  Vesicular  accumulation  of  GalNAcT2-vsv  (approxi¬ 
mately  twofold)  was  at  the  level  previously  observed  for 
GalNAcT2-GFP  and  GS28  (19).  We  concluded  that  COG3 
KD  causes  specific  accumulation  of  medial- Golgi  enzymes 
in  recycling  intra-Golgi  CCD  vesicles.  Another  frans-Golgi 
enzyme,  GalT,  was  found  mostly  on  fragmented  Golgi 
(Figure  4A,  GalT  row).  This  result  is  in  good  agreement 
with  GalT-GFP  localization  in  COG3  KD  cells  observed 
previously  (19). 

Since  the  severe  redistribution  of  Golgi  enzymes  was 
observed  after  both  acute  and  prolonged  COG3  KD,  we 
questioned  how  it  would  affect  enzyme  stability.  Western 
blot  analysis  of  total  cellular  homogenates  revealed  that 
prolonged,  but  not  acute,  COG3  KD  resulted  in  a  twofold 
decrease  of  Mann  II  cellular  level  (Figure  4C,  Mann  II  row) 
and  in  accumulation  of  GIcNAcTI -degradation  products 
(Figure  4C,  GIcNAcTI  panel).  We  also  noticed  a  slight 
increase  in  total  cellular  level  of  GIcNAcTI.  Intracellular 
levels  of  the  control  protein  PDI  was  found  unchanged, 
while  the  level  of  another  CCD  vesicle  protein  GS28  (19) 
was  also  reduced  by  approximately  50%  after  prolonged 
COG3  KD  (Figure  4C,  GS28  row).  These  data  correlate 
well  with  previously  observed  degradation  of  GS28 
(GOS-28)  in  ACOG1  CHO  cells  (31). 

COG7  KD  leads  to  mislocalization  of  GIcNAcTI  and  GS15 

To  test  whether  the  entire  COG  complex  is  required  for 
proper  localization  of  Golgi  glycosyltransferases,  we 
used  an  siRNA  strategy  to  knock-down  Cog7p  (subunit 
of  COG  Lobe  B).  It  has  been  found  recently  that  muta¬ 
tion  in  human  COG7  gene  led  to  secretion  of  under¬ 
glycosylated  proteins  (26),  a  mutant  phenotype  similar 
to  the  one  observed  after  prolonged  COG3  KD.  After  3 
days  of  COG7  KD,  the  Cog7p  was  efficiently  depleted 
(Figure  5B),  and  both  GIcNAcTI  and  GS15  became 
severely  mislocalized  (Figure  5A).  This  effect  was  spe¬ 
cific  since  both  GM130  (Figure  5A,  panel  GM130)  and 
GalNAcT2  (Figure  5,  panel  GalNAcT2)  remained  asso¬ 
ciated  with  large  perinuclear  Golgi  fragments. 
Transfection  with  control  (scrambled)  siRNA  did  not 
have  any  effect  on  localization  of  Golgi  proteins  (Figure 
5A,  top  row).  Similarly,  to  the  prolonged  COG3  KD,  the 
SDS-PAGE  mobility  of  lysosomal  glycoprotein  Lamp2  in 
COG7  KD  cells  was  altered,  indicating  defects  in 
Golgi  glycosylation.  In  addition  to  obvious  similarities 
between  COG3  KD  and  COG7  KD  mutant  phenotypes, 
we  noticed  some  unique  characteristics  of  COG7  KD 
cells  -  glycosylation  defects  were  manifested  slightly 
earlier  and  GM130/GalNAcT2-containing  Golgi  mem¬ 
branes  were  less  fragmented  and  often  misshapen 
into  'cotton  ball-like'  structures.  We  also  detected  that 
the  cellular  level  of  Golgi-resident  proteins  GM130  and 
Syntaxin  5  was  reduced  in  COG7  KD  cells  to  less  than 
50%  as  compared  to  mock-treated  or  COG3KD  cells. 
A  Golgi-located  short  37  kDa  form  of  Syntaxin  5  was 
affected  to  a  greater  extent  with  only  approximately 


B 


4? 

o  o  o  o 


Cog3  [“ _ ~  —  1 

Coq4 

Cog6  >^  *-*  ! 

Coq7l»->  '  ■  I 


c 


4? 

N  4?£  4? 
.O'  CK  A 

0°  C?  C?  C?  kDa 


GM130 

Syn5 

GIcNAcTI 


Lamp2 


PDI 


•N  *  *  it 

_ _ _ . _  -■ 

_ 

E 

1 

III 

E 

— 

*  42 
-37 


Figure  5:  COG7  knock  down  (KD)  induces  relocation  of 
GIcNAcTI  and  GS15.  A)  Mixture  of  cells  expressing  GIcNAcTI - 
myc  and  GalNAcT2-vsv  were  mock  (control)  or  COG7  siRNA  trea¬ 
ted  for  3  days.  Fixed  cells  were  stained  with  anti-myc  or  anti-vsv 
antibodies.  Images  were  collected  at  equal  signal  gains,  using 
CARV  microscopy.  Bar,  10  |im.  B)  Control,  COG3,  COG3  &  COG7 
and  COG7  KD  whole-cell  lysates  (10  pig  protein/lane)  were  immu- 
noblotted  with  anti-Cog3,  anti-Cog4,  anti-Cog6  and  anti-Cog7 
antibodies.  C)  Lysates  as  in  (B)  were  immunoblotted  with  indicated 
antibodies,  anti-myc  for  GIcNAcTI;  PDI  was  used  as  a  loading 
control.  Star  indicates  putative  degradation  product  of  GIcNAcTI. 


20%  protein  remained  in  COG7  KD  cells.  We  have 
shown  previously  that  yeast  Syntaxin  5  homologue, 
Sed5p,  interacted  with  COG  complex  directly  (17),  and 
the  cellular  level  of  Sed5p  was  severely  reduced  in 
double  ACOG1/ACOG6  mutant  cells  (23).  Reduced 
level  of  GM130  and  Syntaxin  5  in  COG7  KD  cells  may 
reflect  direct  interaction  between  Cog7p  and/or  Lobe  B 
with  Golgi  membrane-associated  components  of  vesicle 
docking/fusion  machinery.  Observed  differences 
between  COG3  KD  and  COG7  KD  phenotypes  are  likely 
due  to  diverse  specialization  of  two  lobes  of  the  COG 
complex  and  will  be  examined  in  future  studies. 

Simultaneous  depletion  of  Cog3p  and  Cog7p  affected  gly¬ 
cosylation  of  Lamp2  and  stability  of  GIcNAcTI  more 
severely  as  compared  to  individual  COG  subunit  KD 
(Figure  5C)  (COG3  &  7  lane),  indicating  faster  progression 
of  medial- Golgi  enzyme-trafficking  defects  in  a  double 
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Lobe  A/Lobe  B  mutant.  This  result  correlates  well  with  the 
previously  observed  severe  glycosylation  defect  in  double 
ACOG7/ACOG6yeast  mutant  cells  (23). 

On  the  basis  of  the  results  described  above,  we  con¬ 
cluded  that  any  alterations  in  COG  complex  function  in 
human  cells  cause  specific  mislocalization  of  preferentially 
medial- Golgi  enzymes  and  Golgi  v-SNARE  molecules  and 
their  accumulation  in  normally  transient  CCD  vesicles. 
Conserved  oligomeric  Golgi  complex  most  likely  functions 
in  tethering  of  these  transport  intermediates  to  proper 
Golgi  compartment.  The  cellular  biosynthetic  machinery 
is  able  to  'ignore'  the  initial  defects  in  Golgi  protein  recy¬ 
cling,  but  continuous  separation  of  glycosylation  machin¬ 
ery  from  the  secretory  pathway  affects  Golgi 
modifications  of  secretory,  plasma  membrane,  and  lyso¬ 
somal  glycoproteins  and  could  ultimately  lead  to  congeni¬ 
tal  disorders  of  glycosylation  (26). 


CCD  vesicles  dock  to  Golgi  in  vitro  in  a  Cog3p- 
dependent  reaction 

Results  obtained  from  this  and  previous  (19)  works  indi¬ 
cated  that  both  medial- Golgi  glycosyltransferases  and 
intra-Golgi  SNAREs  transiently  accumulated  in  CCD  vesi¬ 
cles  in  COG3  KD  cells.  To  test  if  these  vesicles  represent 
a  functional  intra-Golgi  transport  intermediate,  we 
designed  an  in  vitro  system  which  measured  vesicle  dock¬ 
ing/fusion  with  isolated  rat  liver  Golgi  (RLG).  The  system  is 
similar  to  the  yeast  COPII  vesicle  tethering  setup  (38)  and 
is  based  on  sedimentation  properties  of  isolated  RLG  (pel- 
letable  at  10  000  x  g)  and  CCD  vesicles  obtained  from 
COG3  KD  HeLa  cell  lysate  (not  pelletable  at  20  000  x  g). 
Both  GIcNAcTI-myc  and  GPP130  were  used  as  vesicle 
markers.  GS28  was  used  as  Golgi  marker.  Monoclonal 
antibodies  to  ratGS28  and  human  GPP130  specifically 
recognized  corresponding  proteins  in  RLG  and  HeLa  cell 
lysates  (Figure  S7,  available  online  at  http://www. black 
well-synergy.com).  We  have  found  that  CCD  vesicles  are 
able  to  dock  to  isolated  Golgi  (Figure  6).  The  amount  of 
sedimentable  vesicle  marker  (up  to  30%  from  total  input) 
was  proportional  to  the  amount  of  added  Golgi  mem¬ 
branes  and  vesicle-Golgi  association  was  resistant  to 
250  mM  KCI  wash,  which  normally  strips  vesicles  from 
Golgi  membranes  (39),  indicating  tight  association  and/or 
complete  fusion  (Figure  6A).  Acceptor  Golgi  membranes 
were  sensitive  to  proteinase  K  pretreatment,  indicating 
requirement  for  peripheral  and/or  transmembrane  pro¬ 
teins.  Indeed  both  COG3  and  Golgi  SNARE  GS28  were 
completely  destroyed  by  Proteinase  K  treatment 
(Figure  6B  and  data  not  shown).  Most  importantly,  dock¬ 
ing  of  CCD  vesicles  was  sensitive  (approximately  70% 
inhibition)  to  addition  of  anti-COG3  IgG  but  not  to  addition 
of  pre-immune  (control)  IgG  (Figure  6B,  compare  a-COG3 
(+)  and  control  IgG  columns).  We  have  concluded  that 
CCD  vesicles  are  functional  intra-Golgi  intermediates  cap¬ 
able  of  docking  to  Golgi  membranes  in  a  COG  complex- 
dependent  reaction. 
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Figure  6:  Conserved  oligomeric  Golgi  complex-dependent 
(CCD)  vesicles  dock  to  Golgi  membranes  in  vitro.  A)  Vesicle 
docking  is  proportional  to  amount  of  added  Golgi  and  resistant  to 
salt  wash.  Cells  stably  expressing  GIcNacTI-myc  were  treated 
with  COG3  siRNA.  A  vesicle  fraction  from  COG3  KD  cells  (S20) 
was  incubated  with  purified  rat  liver  Golgi  as  described  in 
Materials  and  Methods.  After  incubation  with  CCD  vesicles, 
Golgi  membranes  were  pelleted  at  10  000  x  g  and  washed  with 
low  or  high-salt  buffer.  Golgi  membranes  were  repelleted  and 
analyzed  for  CCD  vesicle  marker  GIcNAcTI  by  WB  with  anti- 
myc  antibodies.  B)  Vesicle  docking  is  sensitive  to  protease  treat¬ 
ment  of  acceptor  Golgi  membranes  and  is  inhibited  by  anti-COG3 
IgG.  CCD  vesicle  marker  GIcNAcTI  (anti-myc  Ab),  GPP130  (anti¬ 
human  GPP130)  and  Golgi  marker  GS28  (anti-rat  GS28  Ab)  were 
detected  by  WB.  Star  indicates  heavy  chain  of  anti-Cog3p  IgG 
bound  to  Golgi  membrane. 

Discussion 

The  COG  complex  has  been  assigned  a  role  of  one  of  the 
key  components  in  intracellular  membrane  trafficking  (40). 
Majority  of  up-to-date  data  argue  that  the  COG  complex 
resides  on  cis/medial- Golgi  and  functions  as  a  tether  of 
retrograde  intra-Golgi  vesicles  (15-17,31).  Indeed,  both 
yeast  (30)  and  mammalian  (19)  cells  deficient  in  a  Cog3p 
subunit  accumulate  multiple  CCD  vesicles.  These  vesicles 
most  likely  are  COPI  coated  and  packed  with  recycling 
Golgi  SNAREs  (GS15,  GS28)  (41)  and  putative  retrograde 
cargo  receptors  as  GPP130  (42).  Another  well-studied 
feature  of  COG-deficient  cells  is  significantly  impaired 


Traffic  2006;  7:  191-204 


199 


Shestakova  et  al. 


modification  of  glycoconjugates.  In  both  mammalian 
(A COG1,  ACOG2  and  A COG7)  (21,26)  and  yeast 
(A COG1,  A COG3,  A COG4  and  A COG6)  (17,18,22,23) 
COG  mutant  cells,  virtually  all  N-  and  O-linked  Golgi-asso¬ 
ciated  glycosylation  reactions  are  impaired. 

In  this  article,  we  examined  the  hypothesis  that  retrograde 
intra-Golgi  trafficking  of  components  of  the  glycosylation 
machinery  is  directed  by  the  COG  complex.  We  have 
shown  that  the  duration  of  COG3  KD  positively  correlates 
with  development  of  Golgi-glycosylation  defects  (Figure 
1).  Sorting  and  delivery  of  anterograde  secretory  cargo 
proteins  (Figure  2)  is  not  altered.  For  the  first  time,  we 
demonstrated  that  depletion  of  both  Lobe  A  (Cog3p)  and 
Lobe  B  (Cog7p)  of  the  COG  complex  severely  affects 
localization  of  medial- Golgi  enzymes  GIcNAcTI  and  Mann 
II,  inducing  their  relocation  into  CCD  vesicles.  This  finding 
agrees  well  with  the  observed  mislocalization  of  yeast 
Golgi-glycosylation  enzyme  Ochlp  in  a  cog3  mutant  (20). 

CCD  vesicles  are  likely  to  originate  from  either  the  trans- 
Golgi  orTGN,  since  both  GIcNAcTI  and  Mann  II  are  known 
to  cycle  through  the  Golgi  stack  to  the  trans-Golgi  network 
and  then  back  to  the  c/s-Golgi  (29,35).  It  has  been  shown 
recently  that  formation  of  COPI  vesicles  is  linked  to  the 
assembly  of  the  actin  complex  (43,44).  The  actin  cytoske- 
leton  is  affected  in  yeast  cog3  mutant  cells,  (13)  and  actin  is 
shown  to  be  coimmunoprecipitated  with  the  mammalian 
COG  complex  (45).  One  attractive  idea  is  that  COG  com¬ 
plex  directs  the  movement  of  CCD  vesicles  along  specia¬ 
lized  intra-Golgi  actin  railways  through  communication  with 
the  actin  cytoskeleton.  In  support  to  this  notion,  Cog3p 
(CG3248)  was  found  to  interact  with  the  actin-binding  pro¬ 
tein  Arp3  (CG7558)  in  a  recent  Drosophila  two-hybrid 
screen  (46).  We  also  observed  that  CCD  vesicles  are  posi¬ 
tioned  along  the  actin  cables  in  COG3  KD  cells  (Figure  S6). 

Vesicles  containing  Golgi  enzymes  are  likely  to  be  retro¬ 
grade  in  respect  to  direction  of  their  trafficking  since  both 
endogenous  (CD44  and  Lamp2)  (Figure  2)  and  model 
(GFP-VSVG)  (19)  anterograde  secretory  cargo  molecules 
are  not  detected  in  CCD  vesicles  at  the  fluorescence 
microscopy  level;  after  prolonged  KD  of  COG  complex, 
vesicles  are  partially  consumed  by  the  ER,  depositing 
their  content  into  the  endoplasmic  reticulum  (Figure  3C 
and  S4).  Latter  result  is  in  agreement  with  previously 
observed  partial  relocation  in  ER  of  Mann  II  in  A COG1 
and  A COG2  CHO  mutant  cells  (31).  We  have  previously 
demonstrated  that  both  GS15  and  GS28  are  enriched  in 
CCD  vesicles  (19).  Most  likely,  these  v-SNAREs  form  a 
functional  fusion  complex  with  t-SNARE  Syntaxin  5,  which 
itself  is  a  COG-interacting  protein  (17).  One  plausible 
explanation  for  the  eventual  consumption  of  CCD  vesicles 
by  ER  is  based  on  the  observation  that  the  long  form  of 
Syntaxin  5  cycles  between  the  Golgi  and  ER  (47).  We  have 
found  that  the  ER  form  of  Syntaxin  5  is  less  sensitive  to 
COG7  KD  as  compared  to  the  Golgi  form  of  t-SNARE 
(Figure  5C).  Consequently,  in  COG7  KD  cells,  partial 


colocalization  of  GIcNAcTI  with  ER  markers  was  observed 
as  early  as  4  days  after  KD  (Figure  S5,  available  online  at 
http://www.blackwell-synergy.com).  Therefore,  a  relative 
increase  in  the  ER  localized  form  of  Syntaxin  5  in  COG  KD 
cells  could  potentiate  fusion  of  CCD  vesicles  with  the  ER 
membrane.  Interestingly,  in  recently  described  mamma¬ 
lian  cells  depleted  of  Syntaxin  5,  the  COG-sensitive  protein 
GS28  was  found  in  dispersed  vesicle  structures  (48). 

The  in  vitro  experiments  (Figure  6)  support  the  idea  that 
CCD  vesicles  are  functional  intra-Golgi  trafficking  inter¬ 
mediates.  Isolated  CCD  vesicles  are  capable  of  docking 
and,  most  probably,  fusion  with  purified  Golgi  mem¬ 
branes,  since  as  a  result  of  vesicle-Golgi  coincubation, 
vesicle  cargo  proteins  GIcNAcTI  and  GPP130  became 
associated  with  large  membranes  and  this  association  is 
salt-resistant.  Vesicle  docking  is  dependent  on  Golgi  per¬ 
ipheral  and/or  transmembrane  proteins,  since  proteinase 
treatment  of  isolated  Golgi  virtually  abolished  vesicle  dock¬ 
ing.  The  efficient  docking  of  vesicles  requires  a  functional 
COG  complex  on  the  Golgi  membrane,  since  both  pro¬ 
tease  treatment  and  pretreatment  with  anti-Cog3p  IgGs 
efficiently  block  vesicle-Golgi  interaction.  Latter  result 
supports  the  model  of  Golgi-localized  COG  complex 
tethering  intra-Golgi  retrograde  vesicles  (Figure  7). 

Both  GPP130and  GIcNAcTI  containing  vesicles  behave  simi¬ 
larly  in  the  in  vitro  system,  suggesting  that  the  CCD  vesicle 
population  is  homogeneous  and  that  both  proteins  are  being 
recycled  using  the  same  trafficking  intermediates. 


Golgi 


TGN  and 

Endosomal 

compartments 


medial-Golgi  ?  and  trans-Golgi  t  glycosylatransferases 


Figure  7:  Model  of  the  function  of  conserved  oligomeric 
Golgi  (COG)  complex  in  trafficking  of  Golgi  enzymes.  The 

COG  complex  primarily  resides  on  the  medial- Golgi.  It  orches¬ 
trates  tethering  of  constantly  cycling  retrograde  COG  complex- 
dependent  (CCD)  vesicles  that  bud  from  trans-Golgi  (solid  line). 
These  Golgi  intermediates  carry  resident  Golgi  proteins,  including 
medial- Golgi  glycosyltransferases.  Lobe  B  of  the  COG  complex 
might  also  associate  with  trans-Golgi  and  accept  vesicles  that 
retrieve  trans-Golgi  enzymes  from  trans-Golgi  network  and  endo¬ 
somal  compartments  (dashed  line).  During  malfunction  of  COG 
complex,  retrograde  membrane  intermediates  accumulate  in 
cytoplasm. 
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Conversely,  known  trafficking  itineraries  of  GPP130  and 
GIcNAcTI  are  different.  Medial-G olgi  localized  GIcNAcTI 
cycles  via  the  trans- Golgi  and  ER  (29),  while  c/s-Golgi-resident 
GPP1 30  visits  the  endosomal  system  and  plasma  membrane 
(49).  Prolonged  COG3  and  COG7  depletion  ultimately  leads 
to  partial  relocalization  of  the  GIcNAcTI  signal  to  the  ER, 
while  GPP130  is  not  detected  in  the  ER  (unpublished  data). 
There  was  a  reduction  of  GPP1 30  (but  not  GIcNAcT  1 )  protein 
levels  after  prolonged  COG  KD  (compare  Figure  1A  and 
Figure  4C).  Additional  biochemical  and  immuno-EM 
studies  will  be  required  to  characterize  CCD  vesicles  in 
details. 

Comparison  of  COG3  and  COG7  KD  phenotypes  indicates 
that  depletion  of  either  Lobe  A  or  Lobe  B  subcomplexes 
primarily  affects  localization  of  GIcNAcTI  and  GS15,  indi¬ 
cating  that  the  whole  COG  complex  is  required  for  proper 
recycling  of  cis/medium-Go\g\-res\dent  proteins.  On  the 
other  hand,  acute  COG7  KD  phenotype  differs  from 
COG3  KD.  Glycosylation  defects  are  manifested  slightly 
earlier  in  COG7  KD  cells  (Figure  5C  and  data  not  shown), 
and  Golgi  membranes  in  those  cells  are  often  misshapen 
into  cotton  ball  or  sponge-like  structures.  In  addition,  acute 
double  COG3/COG7  KD  affected  glycosylation  of  both 
Lamp2  and  GIcNAcTI  more  severely  as  compared  to  sin¬ 
gle  depletion,  indicating  that  double  KD  is  affecting  activity 
or  compartmentalization  of  multiple  Golgi  enzymes.  There 
is  evidence  that  loss-of-function  mutation  in  Lobe  A  sub¬ 
units  causes  defects  in  early  Golgi-glycosylation  reactions 
(17,20,21),  whereas  a  loss-of-function  mutation  in  Lobe  B 
subunits  causes  frans-Golgi-glycosylation  defects  (26). 
Taking  into  account  that  in  mammalian  cells  Lobe  B  exists 
both  as  a  part  of  the  large  COG  complex  and  as  a  separate 
small  subcomplex  (15),  we  propose  the  model  (Figure  7). 
Our  model  suggests  that  the  whole  Lobe  A/Lobe  B  COG 
complex  regulates  efficient  vesicle  tethering  to  the  cis/ 
medial- Golgi  membranes.  The  lobe  B  subcomplex  could 
also  specifically  tether  vesicles  to  trans- Golgi  cisternae. 
Similar  separation  of  functions  was  discovered  recently  for 
cis-  and  trans-Golgi-operating  anterograde  tethers  TRAPP  I 
and  II  (10).  Proposed  compartment-specific  functions  for 
COG  lobes  may  reflect  a  common  principle  in  the  evolution 
of  oligomeric  complexes  operating  in  membrane  trafficking. 


Materials  and  Methods 

Reagents  and  antibodies 

Reagents  were  as  follows:  PNGase  F,  EndoH  (New  England  Biolabs, 
Beverly,  MA,  USA);  Cascade  Blue  Dextran  (Molecular  Probes,  Eugene, 
OR,  USA);  Protein  G-Sepharose  (Calbiochem,  La  Jolla,  CA,  USA);  Protein 
A-Sepharose  (Amersham  Biosciences,  Piscataway,  NJ,  USA).  Antibodies 
used  for  Western  Blotting  (WB),  immunofluorescence  (IF),  immunopreci- 
pitation  (IP)  studies  were  obtained  from  commercial  sources  and  as  gifts 
from  generous  individual  investigators  or  generated  by  us  as  indicated 
below.  Antibodies  (and  their  dilutions)  were  as  follows:  rabbit  -  both  anti- 
myc  (WB  1:5000,  IF  1:3000)  and  anti-vsv  (WB  1:2500,  IF  1:400)  from 
Bethyl  Laboratories  (Montgomery,  TX,  USA);  anti-Cog3p  (WB  1:1000) 
(16);  anti-GPP130  (WB  1:1000,  IF  1:2000;  Covance  Laboratories, 
Madison,  Wl,  USA);  anti-CD44  (WB  1:400;  Santa  Cruz  Biotechnology, 


Santa  Cruz,  CA,  USA);  murine:  anti-GM130  (IF  1:250);  anti-human  GS28 
(WB  1:1000,  IF  1:100)  and  anti-EEAl  (IF  1:250)  (all  from  BD  Biosciences, 
San  Jose,  CA,  USA);  anti-GPP130  (WB  1:100,  gift  from  Adam  Linstedt, 
CMU);  anti-PDI  (WB  1:5000,  IF  1:200,  IP  1:2000;  Affinity  BioReagents, 
Golden,  CO,  USA);  anti-rat  GS28  (WB  1:500;  Stressgene,  Victoria,  BC, 
Canada);  anti-GAPDH  (WB  1:1000;  Ambion,  Austin,  TX,  USA);  anti-CD44 
(clone  H4C4)  and  Lamp2  (clone  H4B4)  (WB  1:200,  IF  1:100;  Developmental 
Studies  Hybridoma  Bank,  University  of  Iowa);  and  anti-GalT  (IF  1:20,  gift 
from  Brian  Storrie,  UAMS) 

Mammalian  cell  culture 

Monolayer  HeLa  cells  were  cultured  in  DMEM/F-12  media  supplemented 
with  15  mM  HEPES,  2.5  itim  L-glutamine,  5%  FBS,  100  U/mL  penicillin  G, 
1 00  |ug/mL  streptomycin,  and  0.25  |ug/mL  amphotericin  B.  Cells  were  grown 
at  37  °C  and  5%  C02  in  a  humidified  chamber.  HeLa  cells  stably  expressing 
tagged  Golgi  apparatus  proteins  were  maintained  in  the  presence  of  0.4  mg/ 
ml  G418  sulfate.  HeLa  cells  stably  expressing  GIcNAcTI -myc,  Mann  ll-vsv 
and  GalNAcT2-vsv  were  obtained  from  B.  Storrie's  laboratory  (UAMS).  All  cell 
culture  media  and  sera  were  obtained  from  Invitrogen  (Carlsbad,  CA,  USA). 

RNA  interference 

Human  COG3  was  targeted  with  siRNA  duplex  as  described  previously 
(19)  by  Oligofectamine  (Invitrogen,  Carlsbad,  CA,  USA).  To  achieve  3,  6  and 
9  days  of  COG3  KD,  cells  were  transfected  each  72-h  period.  Human 
COG7  was  targeted  with  a  mixture  of  two  Stealth  siRNA  duplexes  (target 
sense,  1-CCAAGCUCUC-CAGAACAUGCCCAAA;  2-CCUGAAAAUCCCUC- 
UUUGCC-AAGUAU)  (Invitrogen).  Stealth  siRNA  duplex  (target  sense, 
CCAACCGACUUAAUGGCGCGGUAUU)  was  used  as  a  mock  control 
(Invitrogen).  Cells  were  transfected  with  Lipofectamine  2000  (Invitrogen, 
Carlsbad,  CA,  USA)  twice  each  24-h  period  according  to  protocol  recom¬ 
mended  by  Invitrogen.  For  IF  microscopy  and  WB,  HeLa  cells  were  grown 
in  35  mm  dishes  (on  coverslips  for  IF)  at  60%  confluence  and  lyzed  in  2% 
SDS  after  3,  6  and  9  days  of  COG3  KD  or  3  days  of  COG7  KD. 

Radioactive  labeling  and  immunoprecipitation 

Pulse-chase  experiments  were  performed  using  the  35S-Methionine  (ICN 
Biomedicals,  Aurora,  OH,  USA).  HeLa  cells  grown  in  four  60-mm  dishes 
were  mock  or  siRNA  treated  for  3  and  9  days,  washed  twice  with  DPBS 
and  starved  in  DMEM  without  methionine  for  30  min.  Pulsed  by  addition  of 
200  |uCi/mL  35S-Methionine  for  10  min  and  chased  with  complete  growth 
medium  containing  2  mM  of  cold  methionine/cysteine  mix  for  0,  30,  60  and 
120  min  (at  37  °C).  All  further  steps  were  performed  at  room  temperature. 
Cells  were  washed  twice  with  DPBS  and  lyzed  in  1  mL  of  TES  buffer  [50  mM 
Tris-HCI,  pH  7.4, 150  mM  NaCI,  1  mM  EDTA,  1  %  Triton  X-100,  0.1  %  SDS  and 
0.2%  sodium  azide,  protease  inhibitor  cocktail].  Lysates  were  incubated  with 
30  fiL  of  protein  A  Sepharose  CL-4B  beads  on  the  tube  rotator  for  1  h  and 
centrifuged  at  20  000  x  g for  1 0  min.  Supernatants  were  transferred  to  new 
tubes  and  incubated  overnight  with  2  pig  of  anti-CD44  antibodies  (1:50)  in  a 
cold  room.  Samples  were  clarified  by  centrifugation  as  above,  and  20  |iL  of 
Protein  G-Agarose  beads  were  incubated  for  1  h  and  centrifuged  at  1 10  x  g 
for  1  min,  washed  four  times  with  TBST.  Beads  were  then  transferred  to  a 
new  tube,  resuspended  in  30  piL  of  xl  sample  buffer;  concentrated  super¬ 
natants  were  loaded  on  SDS-PAGE.  Proteins  were  quantified  using  a 
Phosphoimager  analysis.  After  IP  with  anti-CD44,  supernatants  of  the  cell 
lysates  were  subjected  to  IP  with  anti-Lamp2  (2  mkg). 

Immunofluorescence  microscopy 

Cells  grown  on  coverslips  were  processed  at  room  temperature  as 
described  previously  with  some  modifications  (15).  Cells  were  washed 
once  with  PBS  and  fixed  by  incubating  for  10  min  with  4%  paraformalde¬ 
hyde  (Electron  Microscopy  Systems,  Washington,  PA,  USA)  in  PBS, 
pH  7.4.  The  coverslips  were  then  washed  for  1  min  with  0.1%  TritonX- 
100  in  PBS,  incubated  in  0.1%  Na-borohydride  in  PBS  for  5  min  and 
washed  with  50  mM  NH4CI  in  PBS  for  5  min.  Cells  were  then  blocked  in 
0.1%  saponin,  1%  BSA  in  PBS  for  15  min.  Cells  were  then  incubated  for 
30  min  with  primary  antibodies  and  washed  off  extensively  with  0.1% 
saponin  in  PBS.  Secondary  antibodies  (Alexa®594  goat  anti-rabbit  IgG  con¬ 
jugate  and  Alexa®488  goat  anti-mouse  IgG  conjugate  (Molecular  Probes) 
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diluted  1:400  in  1%  gelatin  and  0.1%  saponin  in  PBS  were  applied  for 
30  min,  and  then  coverslips  were  extensively  washed  with  PBS  and  water. 
The  coverslips  were  mounted  in  Prolong  Gold  Antifade  Reagent  (Molecular 
Probes).  IF  microscopy  was  performed  using  an  epifluorescence  micro¬ 
scope  (Axiovert  200;  Carl  Zeiss  International,  Thornwood,  NY,  USA) 
equipped  with  the  CARV  I  and  CARV  II  Confocal  Imager  modules 
(BioVision  Technologies,  Exton,  PA,  USA)  with  a  Plan-Apochromat  x63 
oil  immersion  lens  (NA  1.4)  at  RT.  The  images  were  obtained  as  confocal 
stacked  images  and  processed  on  Macintosh  computers  using  IPLab  3.9.3 
software  (Scanalytics,  Fairfax,  VA,  USA).  During  the  processing  stage, 
individual  image  channels  were  pseudocolored  with  RGB  values  corre¬ 
sponding  to  each  of  the  fluorophore  emission  spectral  profiles.  Images 
were  cropped  using  Adobe  Photoshop  6.0  software. 

Endocytosis  of  fluorescent  dextran 

HeLa  cells  stably  expressing  GIcNAcTI-myc  were  grown  on  coverslips  in  6- 
well  plates.  Cells  were  mock  or  COG3  siRNA  treated  for  9  days.  Cells  were 
treated  with  Cascade  Blue  Dextran  as  previously  described  (50)  with  some 
modifications.  Cell  cultures  were  incubated  with  Cascade  Blue  Dextran  at 
0.6  mg/mL  in  culture  medium  for  12  h  before  performing  IF  assay.  Cells 
were  washed  with  PBS  and  incubated  in  fresh  medium  for  3  h;  coverslips 
were  fixed  and  stained  with  anti-Lamp2  and  anti-myc  antibodies. 

Treatment  with  endoglycosydases 

HeLa  cells  were  grown  in  6-well  plates  and  transfected  with  COG3  siRNA 
for  3,  6  and  9  days.  Cells  were  lyzed  in  2%  SDS  and  denatured  for  15  min 
at  95  °C.  To  decrease  SDS  concentration  to  0.5%,  9  jiL  of  each  lysate  was 
diluted  in  27  pL  of  water.  One  half  was  incubated  with  supplied  buffer  and 
the  other  with  PNGase  F  (51)  (1  |iL,  500  units)  or  Endo  H  (0.1  |iL,  100 
units).  Samples  were  incubated  at  37  °C  for  1  h,  dissolved  in  x6  sample 
buffer,  subjected  to  SDS-PAGE  and  immunoblotted  with  anti-CD44  and 
anti-Lamp2  antibodies. 

Glycerol  velocity  gradient 

Gradient  fractionation  was  prepared  as  described  previously  (19,52)  with 
some  modifications.  Control  and  COG3  KD  cells  were  analyzed  in  pairs 
simultaneously  and  under  the  same  conditions.  GIcNAcTI-myc  were 
grown  in  one  6-cm  plate,  treated  with  COG3  siRNA,  collected  by  trypsini- 
zation,  pelleted  (2000  x  g  for  2  min),  washed  once  with  PBS  and  STE 
buffer  (250  itim  sucrose,  10  itim  triethylamine,  pH  7.4,  1  itim  EDTA)  and 
homogenized  by  20  passages  through  a  25-gauge  needle  in  0.6  mL  of  STE- 
S  (STE  buffer  without  sucrose)  containing  cocktail  of  protein  inhibitors 
(Roche  Molecular  Biochemicals,  Indianapolis,  IN,  USA).  Efficiency  of  homo¬ 
genization  was  determined  by  staining  with  Trypan  Blue.  Cell  homoge¬ 
nates  were  centrifuged  at  1000  x  g  for  2  min  to  obtain  PNS.  This  PNS 
(0.6  mL)  was  layered  on  linear  10-30%  (wt/vol)  glycerol  gradient  (12  mL  in 
10  itim  triethylamine,  pH  7.4  and  1  itim  EDTA  on  a  0.5  mL  80%  sucrose 
cushion)  and  centrifuged  at  280  000  x  g  for  60  min  in  a  SW40  Ti  rotor 
(Beckman  Coulter,  Miami,  FL,  USA).  One  milliliter  fractions  were  collected 
from  the  top.  All  steps  were  performed  at  4  °C.  Fifty  microliter  of  each 
fraction  as  well  as  an  aliquot  of  PNS  were  combined  with  6x  sample 
buffer,  loaded  on  SDS-PAGE  and  analyzed  by  WB.  For  the  analysis  of 
CCD  vesicle  pool,  proteins  from  fractions  3-5  of  glycerol  velocity  gradient 
were  concentrated  by  TCA  precipitation  (53). 

In  vitro  CCD  vesicle  docking  assay 

Acceptor  RLG  membranes  were  isolated  as  described  previously  (19). 
20  000  x  g  supernatant  (S20)  from  COG3  KD  HeLa  cells  stably  expressing 
GIcNAcT  1  -myc  was  used  as  a  source  of  both  donor  CCD  vesicles  and  cytosol . 
To  prepare  cell  homogenates  of  3  days,  COG3  KD  cells  were  grown  in  1 0-cm 
plate,  washed  twice  with  PBS  and  once  with  20  itim  HEPES  pH  7.4  buffer 
containing  250  itim  sucrose.  Sucrose  buffer  was  removed,  and  cells  were 
scraped  from  the  dish  in  1  mL  of  cold  20  itim  HEPES  pH  7.4  containing 
cocktail  of  protein  inhibitors  (Roche)  and  1  itim  DTT.  Cells  were  homogenized 
on  ice  by  20  passages  through  a  25-gauge  needle.  Unbroken  cells  were 
removed  by  centrifugation  at  1000  x  gfor  2  min  to  obtain  PNS.  After  that, 
membranes  were  stabilized  by  addition  of  an  equal  volume  of  buffer  contain¬ 
ing  25  itim  KCI  and  2.5  itim  MgOAc  (final  concentrations).  Large  membranes 


were  subsequently  removed  by  centrifugation  at  10  000  x  g for  10  min  and 
by  repeated  centrifugation  at  20  000  x  g  for  10  min  to  obtain  S20.  Standard 
vesicle  docking  reaction  (1 00  piL  total  volume)  contained  50  jiL  of  S20, 
0-10  |iL  of  acceptor  Golgi  membranes  (1 .5  mg/mL),  10  |iLof  ATP-regeneration 
mixture  in  a  20  itim  HEPES,  pH  7.4,  25  itim  KCI  and  2.5  itim  MgCI2, 
1  itim  DTT  (buffer  HKMD).  Reaction  was  incubated  for  30  min  at  37  °C, 
cooled  on  ice,  and  then  Golgi  membranes  were  pelleted  at  10  000  x  gfor 
10  min  and  washed  once  with  100  pL  of  HKMD  buffer  or  high  salt  buffer 
(HKMDS  buffer  with  250  itim  KCI).  Pellet  was  resuspended  in  20  piL  of  SDS 
sample  buffer;  10  juL  of  sample  was  loaded  on  SDS-PAGE  and  analyzed  by 
WB.  For  Proteinase  K  treatment,  Golgi  membranes  were  incubated  for 
5  min  at  37  °C  with  Proteinase  K  (0.25  |ug/mL)  (Sigma  Chemical,  St  Louis, 
MO,  USA).  The  reaction  was  stopped  by  addition  of  1/10  of  the  volume  of 
lOx  cocktail  of  protein  inhibitors,  and  the  membranes  were  washed  twice 
with  HKMD  buffer.  For  mock  treatment,  cocktail  of  protein  inhibitors  was 
added  before  Proteinase  K  treatment.  For  IgG  interference  experiment, 
5  |iL  of  affinity-purified  anti-Cog3p  IgGs  (0.54  mg/mL)  or  preimmune  IgGs 
in  HKMD  buffer  were  added  to  vesicle-docking  reaction. 


SDS-polyacrylamide  gel  electrophoresis  and  Western 
blotting 

SDS-PAGE  and  WB  were  performed  as  described  previously  (17).  A  signal 
was  detected  using  a  chemiluminescence  reagent  kit  (PerkinElmer  Life 
Sciences,  Boston,  MA,  USA)  and  quantified  using  ImageJ  software  (http:// 
rsb.info.nih.gov/ij/). 


Supplementary  Material 

The  following  figures  are  available  as  part  of  the  online  article  from  http:// 
www.blackwell-synergy.com 

Figure  SI:  Stability  of  COG  subunits  is  altered  after  9  days  of  COG3  KD. 
Control  and  9  days  of  COG3  KD  cell  lysates  (10  jig  of  total  protein  each) 
were  immunoblotted  with  antibodies  against  COG  complex  subunits. 
GAPDH  was  used  as  a  loading  control. 

Figure  S2:  Lamp2  becomes  EndoH  sensitive  after  6  and  9  days  of  COG3 
KD.  Control  (0),  3,  6  and  9  days  of  COG3  KD  total  cell  lysates  were  treated 
with  EndoH  as  described  in  Materials  and  Methods.  Samples  were  immu¬ 
noblotted  with  anti-Lamp2  antibodies.  Compare  lanes  6  and  9  in  control 
and  EndoH  panels. 

Figure  S3:  CD44  is  primarily  localized  on  the  plasma  membrane  in  per- 
miabilized  and  non-permeabilized  cells  after  9  days  of  COG3  KD.  Non- 
permiabilized  (upper  row)  and  permeabilized  (lower  row)  cells  after  9 
days  of  COG3  KD  were  triple  stained  with  anti-CD44  (green),  anti-myc  for 
GIcNAcTI  (red)  and  DAPI  (blue).  There  is  no  GIcNAcTI  signal  in  non- 
permeabilized  cells.  Images  were  collected  at  equal  signal  gains  using 
CARV  II  microscopy.  Bar  10  |um. 

Figure  S4:  GIcNAcTI  is  partially  colocalized  with  ER  marker  PDI  after 
9  days  of  COG3  KD.  Cells  after  9  days  of  COG3  KD  were  fixed  and  stained 
with  anti  GIcNAcTI -myc  (red),  ER  marker  PDI  (green)  and  nuclei  marker 
DAPI  (blue).  Partial  colocalization  of  GIcNAcTI  and  PDI  signals  is  evident  in 
perinuclear  region  (merged  image).  Images  were  collected  at  equal  signal 
gains,  using  CARV  II  microscopy.  Bar  10  |im. 

Figure  S5:  GIcNAcTI  is  partially  colocalized  with  ER  marker  PDI  after  3 
days  of  COG7  KD.  Cells  after  3  days  of  COG7  KD  were  stained  with  anti- 
myc  (red),  anti-PDI  (green)  and  DAPI  (blue).  Notice  partial  colocalization  of 
GIcNAcTI  and  PDI  signals.  Arrows  indicate  ER  nuclear  ring.  Images  were 
collected  at  equal  signal  gains  using  CARV  microscopy.  Bar  10  |im. 

Figure  S6:  CCD  vesicles  are  positioned  along  actin  cables  in  COG3  KD 
cells.  Cells  after  3  days  of  COG3  KD  were  stained  with  anti  GIcNAcTI -myc 
(green),  phalloidin-Alexa  594  (red)  and  DAPI  (blue).  Notice  that  CCD 
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vesicles  (arrowheads)  are  positioned  along  actin  cables  (arrows)  in  the 
merged  image.  Images  were  collected  using  CARV  microscopy.  Bar 
10  |im. 

Figure  S7:  Antibodies  recognized  specific  antigens  in  RLG  and  HeLa  S20 
fractions.  Aliquots  of  RLG  and  COG3  KD  HeLa  S20  (approximately  1 0  pg  each) 
were  separated  on  10%  SDS-PAGE  and  immunoblotted  with  antibodies  as 
indicated. 
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